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ABSTRACT 

A System o f  equat ions  was developed t o  s c a l e  t h e  v i b r a t i o n  l e v e l s  o c c u r r i n g  

i n  a s t r u c t u r e  sub jec ted  t o  f i e l d  v i b r a t i o n  so t h a t  a l a b o r a t o r y  t e s t  c o n s i s t i n g  

of s i n e  dwe l l ,  s i n e  sweep, random v i b r a t i o n ,  o r  any sequen t ia l  combina t ion  o f  

these,  w i l l  cause e q u i v a l e n t  f a t i g u e  damage i n  a s i m i l a r  s t r u c t u r e .  

a n a l y s i s  was made us ing  t h e  Palmgren-Miner andl Corten-Dolan f a t i g u e  damage 

hypotheses. 

dynamic c h a r a c t e r i s t i c s ,  n a t u r a l  frequency and t r a n s m i s s i b i l i t y  w i t h  t h e  

n e g a t i v e  r e c i p r o c a l  o f  t h e  s lope  o f  t h e  damage accumula t ion  curve  appear ing as 

t h e  o n l y  f a t i g u e  c h a r a c t e r i s t i c  i n  t h e  equat ions .  

freedom system i s  t h e  i d e a l i z e d  dynamic model b u t  t h e  a n a l y s i s  w i l l  app ly  t o  

h i g h e r  mode responses. 

%* 

A M i l e s  type  

The r e s u l t i n g  equ iva lence equat ions  a r e  based on t h e  specimen's 

A l i n e a r  s i n g l e  degree 

A computer program u s i n g  t h e  Palmgren-Miner v e r s i o n  o f  t h e  equ iva lence 

equat ions  was developed which generates f a m i l i e s  o f  curves o f  e q u i v a l e n t  t e s t  

l e v e l s  f o r  v a r y i n g  va lues of  specimen n a t u r a l  f requency and t r a n s m i s s i b i l i t y ,  

once t h e  f i e l d  v i b r a t i o n  and t h e  d e s i r e d  type  o f  e q u i v a l e n t  t e s t  i s  known. 

The equat ions  were i n d i r e c t l y  v a l i d a t e d  by  v i b r a t i n g  s e t s  o f  t e s t  specimens 

t o  t h e  d i f f e r e n t  types o f  i n p u t  and comparing t h e  p r e d i c t e d  damage t o  the  a c t u a l  

damage. The t e s t  specimens were 6061T-6 aluminum a l l o y  c a n t i l e v e r  beams w i t h  an 

end mass which gave t h e  specimens an average resonance o f  340 cps when damped 

t o  a t r a n s m i s s i b i l i t y  o f  20. 

0 

Four b a s i c  i n v e s t i g a t i o n s  were made, one o f  which 

was i n v a l i d a t e d  due t o  f a u l t y  i n s t r u m e n t a t i o n .  

The Palmgren-Miner f a t i g u e  hypothes is  was found more accu ra te  than t h e  

Corten-Dolan hypothes is  i n  t h e  p r e d i c t i o n  o f  damage f o r  t h e  t h r e e  v a l i d  t e s t s .  

c 
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I . INTRODUCTION 

Labora to ry  v i b r a t i o n  t e s t i n g  t o  reproduce o r  s i m u l a t e  f i e l d  

problems has had t h e  a t t e n t i o n  o f  mechanical engineers f o r  many 

yea rs .  Inc reased i n t e r e s t  i n  random processes, s t i m u l a t e d  by 

more s t r i n g e n t  des ign  requi rements i n  t h e  area o f  s p a c e c r a f t  

v i b r a t i o n  environments, has shown a need f o r  f u r t h e r  a n a l y t i c a l  

work i n  t h e  d e f i n i t i o n  o f  e q u i v a l e n t  t e s t  programs. 

Cons iderab le  e f f o r t  i s  be ing  expended i n  an a t tempt  t o  t r a n s -  

form f i e l d  v i b r a t  on h i s t o r i e s  i n t o  meaningfu l  l a b o r a t o r y  v i b r a t i o n  

t e s t s  which produ e e q u i v a l e n t  f a t i g u e  damage (4)(5)('0). The o b j e c t  

o f  t h i s  research  e f f o r t  was t o  develop and e x p e r i m e n t a l l y  v e r i f y  

t rans fo rma t ions  between f i e l d  exper iences and l a b o r a t o r y  t e s t s .  

The a n a l y s i s  per formed was d i r e c t e d  toward t h e  p r e d i c t i o n  o f  

e q u i v a l e n t  f a t i g u e  damage. 

A system o f  equ iva lence equat ions  was developed and used as a 

b a s i s  f o r  a computer program which c a l c u l a t e d  e q u i v a l e n t  t e s t  l e v e l s .  

The "Summary and Conclus ions"  s e c t i o n  o f  t h i s  r e p o r t  covers t h e  

f i n d i n g s  o f  t h e  s tudy  e f f o r t ,  and s u p p o r t i n g  da ta  and d e r i v a t i o n s  a r e  

i n c l  uded i n t h e  v a r i  oils appendices . 
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I * -  

I I .  D I S C U S S I O N  

The a n a l y t i c a l  d e r i v a t i o n  was based on two f a t i g u e  damage 

hypo thes i s  ; Palmgren-Miner (P-M) (1 ) (2 1 and Corten-Dolan (C-D) ( 3 ) .  

The P-M hypo thes i s  was s e l e c t e d  because o f  i t ' s  widespread 

use and s i m p l i c i t y .  

The C-D hypo thes i s  was chosen because i t  i s  a b l e  t o  account f o r  

damage phenomena i n  areas o f  known inadequacy i n  t h e  P-M h y p o t h e s i s ( 3 ) .  

F u r t h e r ,  t h e  C-D approach may be expressed i n  a form s i m i l a r  t o  t h e  

fundamental P-M equa t ion .  The C-D hypo thes i s  was i n t e r p r e t e d  t o  mean 

t h a t  t h e  c h a r a c t e r i s t i c s  which app ly  t o  repeated a p p l i c a t i o n s  o f  2 l e v e l  

s i n u s o i d a l  s t r e s s  w i l l  a l s o  app ly  t o  non repea t ing ,  m u l t i - l e v e l  , 

a p p l i c a t i o n s  o f  random s t r e s s e s .  

Severa l  assumptions were made t o  reduce t h e  

t h e o r e t i c a l  development o f  equi  Val ence equat ions 

1 )  The S-N curve i s  a s t r a i g h t  l i n e  on a l o g  

2 )  The va r ious  types o f  f i e l d  v l b r a t l o n  occur  

3 )  More than one v i b r a t i o n  component c o u l d  ex 

comp lex i t y  o f  t h e  

og p l o t .  

sequent i  a1 l y  , 

s t  a t  one t ime;  ' 

however, these components would have s u f f i c i e n t  f requency 
s e p a r a t i o n  so  as t o  a v o i d  s imul taneous e x c i t a t i o n  o f  any 
one resonance. 

4 )  The change i n  l e v e l  o f  f i e l d  v i b r a t i o n  i s  ve ry  sma l l  i n  
t h e  neighborhood o f  t h e  specimen resonances. 

5 )  F i e l d  v i b r a t i o n  i s  s teady s t a t e .  

6 )  M u l t i p l e  degree o f  freedom systems a r e  r e p r e s e n t a b l e  by 
groupings of  n o n i n t e r a c t i n g  l i n e a r  s i n g l e  deqree o f  
freedom sys terns. 
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... 

The development o f  t h e  equ iva lence  equat ions i s  g i v e n  i n  Appendix E .  

See equa t ions  5,53,55 , 57, 59, and 61. These s i x  equa t ions  were used as 

t h e  b a s i s  f o r  t he  computer program used i n  t r a n s f o r m i n g  f i e l d  v i b r a t i o n  

t o  e q u i v a l e n t  l a b o r a t o r y  v i b r a t i o n  t e s t s .  

A f t e r  de te rm in ing  t h e  type o f  e q u i v a l e n t  t e s t  d e s i r e d ,  f requency 

range t o  be covered, l e n g t h  o f  t e s t ,  and expected range o f  t r a n s m i s s i b i l i t i e s  

i n  the  t e s t  i tem, t h e  computer program may be used. Based on t h e  P-M 

hypo thes i s ,  t h r e e  s teps  a r e  i n v o l v e d  i i n  t r a n s f o r m i n g  f i e l d  v i b r a t i o n  t o  

e q u i v a l e n t  l e v e l s  : 

1 )  The f i r s t  s t e p  i n v o l v e s  combining a l l  s i m i l a r  types o f  f i e l d  
v i b r a t i o n  i n p u t s  i n t o  one i n t e r m e d i a t e  e q u i v a l e n t  t e s t .  Fo r  
example, a l l  t h e  f i e l d  v i b r a t i o n  random l e v e l s  a r e  combined 
i n t o  one e q u i v a l e n t  random v i b r a t i o n  l e v e l .  
would produce t h e  same e q u i v a l e n t  damage w i t h i n  tp seconds as 
a l l  t he  f i e l d  v i b r a t i o n  random i n p u t s ,  The d e f i n i n q  equat ions 
f o r  t h i s  phase a re  (Symbols and terms i n  apperidix A). 

( a )  Several  s i n e  dwe l l s  t o  one s i n e  dwe l l  

The new l e v e l  

( b )  Severa l  s i n e  sweeps t o  one s i n e  sweep 

( c )  Several  random l e v e l s  t o  one random l e v e l  
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. 

2 )  I n  t h e  second s t e p ,  t h e  t ype  o f  t e s t  i s  changed t o  t h e  f i n a l  
d e s i r e d  type o f  e q u i v a l e n t  t e s t .  Fo r  example, t h e  f i r s t  s t e p  
random e q u i v a l e n t  i s  s c a l e d  t o  a l o g  s i n e  sweep e q u i v a l e n t  o r  
v i c e  versa. The 4 term appears i n  t h i s  s t e p  and i t  i s  a te rm 
which appears i n  t h e  s i n e  sweep damage. I t i s  d e f i n e d  f o r  a l l  
m a t e r i a l s  as be ing :  

4 = 1 . 8 9 / b 0 ~ ~ ~  

The equat ions f o r  t h i s  s t e p  a r e :  

( a )  Log s i n e  sweep t o  s i n e  dwe l l  

( b )  Sine d w e l l  t o  l o g  s i n e  sweep 

( c )  Random t o  l o g  s i n e  sweep 

( d )  Log s i n e  sweep t o  random 

Q 
wss,e= A*[ O'LTI(FR/F,J=Y 
( e )  Random t o  s i n e  d w e l l  

( f )  Sine dwe l l  t o  random 
0 7 
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3)  I n  t h e  t h i r d  s t e p  t h e  f i n a l  e q u i v a l e n t  l e v e l  i s  d e r i v e d  by 
combining a l l  t h e  s i m i l a r  types o f  v i b r a t i o n  r e s u l t i n g  f rom 
s teps  1 and 2. Fo r  example, t h e  f i n a l  e q u i v a l e n t  random 
damage i s  e q u i v a l e n t  t o  t h e  damage o f  t h e  random e q u i v a l e n t  (We) 
due t o  t h e  summation o f  a l l  t h e  f i e l d  random i n p u t s  ( s t e p  one) ,  
p l u s  t h e  random e q u i v a l e n t  o f  t h e  f i e l d  s i n e  d w e l l s ,  p l u s  t h e  
random e q u i v a l e n t  of t h e  f i e l d  s i n e  sweeps ( b o t h  f rom s t e p  two) .  
The equat ions f o r  t h i s  s t e p  a r e :  

( a )  F i n a l  random e q u i v a l e n t  

( b )  F i n a l  s i n e  sweep e q u i v a l e n t  

( c )  F i n a l  s i n e  dwe l l  e q u i v a l e n t  

A l l  o f  t h e  above equa t ions  a r e  based on t h e  P-M hypo thes i s  b u t  

e q u i v a l e n t  l e v e l s  based on t h e  C-D hypo thes i s  appear i n  Appendix B .  

t o  dynamic e x c i t a t i o n  i s  

system when the specimen 

The amp1 i tude 1 i n e a r i  t y  

a lmost  

i s  exc 

s good 

The t e s t  specimens were e x t e r n a l l y  damped c a n t i l e v e r  beams machined 

f rom 6061-T6 aluminum. 

w i t h  an a s s o c i a t e d  t r a n s m i s s i b i l i t y  o f  (about 20. The specimen response 

i d e n t i c a l  t o  a s i n g l e  degree o f  freedom 

t e d  i n  t h e  100 cps t o  800 cps range. 

w i t h  t h e  peaks i n  random v i b r a t i o n  

They had a f i r s t  mode resonance around 330 cps 
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s a t i s f y i n g  a Rayie igh d i s t r i b u t i o n .  The s t r e s s - d e f l e c t i o n  r a t i o  i s  

n e a r l y  cons tan t  i n  t h e  resonant  f requency range f o r  a wide range 

o f  amp1 i tudes. 

The f a t i g u e  p r o p e r t i e s  o f  t h e  specimens were determined by 

v i b r a t i n g  undamped specimens t o  f a i l u r e  t o  o b t a i n  S-N curves f o r  b o t h  

s i n e  and random v i b r a t i o n .  The C-D damage exponent was a l s o  

o b t a i n e d  u s i n g  undamped specimens. Severa l  s e t s  o f  specimens were 

made and because o f  v a r i a t i o n s  which e x i s t e d  f rom s e t  t o  s e t ,  i t  

was necessary t o  determine the  f a t i g u e  p r o p e r t i e s  f o r  each s e t .  

The v i b r a t i o n  t e s t s  performed t o  v e r i f y  t h e  a n a l y s i s  were 

conducted u s i n g  damped specimens. The specimens were i n tended  t o  

rep resen t  a t y p i c a l  n a t u r a l  f requency and t r a n s m i s s i b i l i t y  more 

c h a r a c t e r i s t i c  o f  a c t u a l  s t r u c t u r e .  Four d i f f e r e n t  c o r r e l a t i o n  

t e s t s  were adequate t o  determine the  accuracy o f  t h e  a n a l y s i s .  

They were: F i e l d  v i b r a t i o n ,  random v i b r a t i o n ,  s i n e  sweep v i b r a t i o n ,  

and s i n e  dwe l l  v i b r a t i o n .  R e p e t i t i o n  o f  these t e s t s  were per formed 

t o  g e t  a d d i t i o n a l  s t a t i s t i c a l  data.  The f i e l d  v i b r a t i o n  t e s t  was 

composed o f  v a r y i n g  l e v e l s  o f  d i f f e r e n t  types o f  v i b r a t i o n .  (Fig.J1&*) 

The a c t u a l  t e s t  procedure was compl i c a t e d  because t h e  e x t e r n a l  

dampers chanqed s t i f f n e s s  and damping under h i g h  l e v e l  v i b r a t i o n .  

Also,  the f a i l u r e  d e t e c t i o n  technique used r e q u i r e s  t h a t  t he  specimen 

be undamped. 

repeated measurements d u r i n g  t h e  t e s t  t o  determine t r a n s m i s s i b i l i t y  

and n a t u r a l  f requency. These measurements were comp l i ca ted  by t h e  

These damper v a r i a t i o n s  'were determined by t a k i n g  
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f a c t  t h a t  s i x  specimen were v i b r a t e d  a t  once t o  conserve se tup  t i m e  

and a c t u a l  v i b r a t i o n  t e s t i n g  t ime .  The f a i l u r e  c r i t e r i a  was a 1/2% 

s h i f t  i n  t h e  o r i g i n a l  beam resonance r a t h e r  than complete f r a c t u r e ,  

and t h i s  s h i f t  was measured by removing the  damper t o  pe r fo rm a 

resonant  search a t  a low i n p u t .  The c o r r e l a t i o n  t e s t  was stopped j u s t  

s h o r t  o f  f a i l u r e  and t h e  resonances o f  t he  s i x  specimens were checked. 

A l l  specimens which d i d  n o t  f a i l  were i n d i v i d u a l l y  sub jec ted  t o  a 

resonant  s i n e  d w e l l .  Th i s  s i n e  dwe l l  produced h i g h e r  s t r e s s e s  than 

occu r red  d u r i n g  the p reced ing  c o r r e l a t i o n  t e s t .  The f i n a l  r u n - o u t - t o -  

f a i l u r e  v i b r a t i o n  produced a p r e d i c t a b l e  damage l e v e l  a1 l ow ing  computat ion 

(5 1 

o f  the damage accumulated by each specimen d u r i n g  the  c o r r e l a t i o n  t e s t .  

The e x p e r i m e n t a l l y  measured damage was compared t o  t h e  damage 

p r e d i c t e d  by the  a n a l y s i s  t o  determine c o r r e l a t i o n .  

data,  which was per formed so t h a t  an a n a l y t i c a l  p r e d i c t i o n  o f  damage 

c o u l d  be made, was compl icated by s e v e r a l  f a c t o r s .  

p r o p e r t i e s  change d u r i n g  a t e s t ,  i t  was necessary t o  d i v i d e  t e s t  t ime 

i n t o  one o r  more increments and use average values o f  t r a n s m i s s i b i l i t y  

and n a t u r a l  f requency o v e r  each increment .  Another c o r r e c t i o n  was 

a p p l i e d  t o  compensate f o r  t h e  specimen's d e v i a t i o n  f rom a s i n g l e  degree 

o f  freedom response a t  h i g h e r  i n p u t s .  

reduce the  da ta  f o r  each specimen s e p a r a t e l y  s i n c e  each had a s l i g h t l y  

d i f f e r e n t  dynamic response. 

The r e d u c t i o n  o f  

S ince t h e  specimen's 

F i n a l l y ,  i t  was necessary t o  
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The r e s u l t s  o f  t h e  c o r r e l a t i o n  t e s t s  a re  p l o t t e d  on We ibu l l  

d i s t r i b u t i o n  paper,  ( f i g .  638 ) .  The h o r i z o n t a l  s c a l e  i s  n o t  

c y c l e s - t o - f a i l u r e  b u t  damage i n  terms o f  E n/N. The reason f o r  

t h i s  change i s  p resen ted  i n  Appendix G. 

The f o u r  c o r r e l a t i o n  t e s t s  a re  l i s t e d  w i t h  t h e  We ibu l l  mean 

p r e d i c t e d  damage a t  f a i  1 ure,  i n  b racke ts ,  and the  s i g n i  f i  c a n t  

r e s u l t  o f  t h a t  t e s t :  

1 )  Resonant s i n e  dwe l l  o f  6 specimens; , ( 1 . 0 3 ) y  t h e  use of  a two 
p a r t  t e s t  ( c o r r e l a t i o n  and r u n - o u t - t o - f a i l u r e  p o r t i o n s )  i s  
p r a c t i c a l  . 

2 )  Log s i n e  sweep o f  10 specimens; ( .98) ,  t he  P-M hypo thes i s  
p r e d i c t s  t h i s  damage l e v e l  b e t t e r  than does C-D hypo thes i s .  

3) F l a t  random o f  10 specimens; ( l . O l ) ,  t h e  P-M hypo thes i s  
p r e d i c t s  t h i s  damage l e v e l  b e t t e r  than does C-D hypo thes i s .  

4 )  F i e l d  v i b r a t i o n  o f  6 specimens .- 2 l e v e l s  o f  random f o l l o w e d  
by s i n e  sweep; ( . 5 2 ) .  T h i s  t e s t  i s  cons ide red  i n v a l i d  w i t h  
an i n s t r u m e n t a t i o n  d iscrepancy as t h e  source o f  e r r o r .  

T h e  r e s u l t s  o f  the f a t i g u e  tests a r e  a p p l i c a b l e  t o  j u d g e  s u i t a b i l i t y  

o f  t h e  f a t i g u e  hypo thes i s  t o  t h e  f o l l o w i n g  e x t e n t :  

1 )  The s lope  and p o s i t i o n  o f  random f a t i g u e  curve i s  more compa t ib le  
w i t h  P-M than w i t h  C-D.  Each o f  t h e  t h r e e  s e t s  o f  specimens gave 
s i m i l a r  r e s u l t s .  

2 )  The C-D damage expo t d f o r  t h i s  p r o j e c t  i s  72% o f  b r a t h e r  than 
t h e  average o f  85%. RP 
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The f i n a l  computer program was checked a t  s e v e r a l  p o i n t s  t o  

determine t h e  accuracy o f  s c a l i n g  and whether t h e  r e s u l t i n g  p r e d i c t e d  

e q u i v a l e n t  t e s t  l e v e l  would produce t h e  same damage. 

accompl ished f o r  a case where t h e  f i e l d  o r  use v i b r a t i o n  parameters 

a re :  f n  = 325 cps and Q = 20. The r e s u l t s  were: 

T h i s  was 

Sine Dwel l  
Equi va 1 en t 

Us e S ine  Sweep Random 
V i  b r a t i  on Equi va 1 en t Equi va 1 en t 

Damage 3 . 0 8 7 ~ 1 0 ’ ~  2 . 6 4 5 ~  

Computer Le ve 1 --- 24.67 g 

S l i d e  Rule Level  ---  24.57 g 

0-3 3 . 0 8 0 ~ 1 0 - ~  2 . 0 5 ~ 1 0 - 3  
2 . 5 6 ~ 1 0 - 3  

S 1.439 g2/cps 12.64 g 

S 1.425 g2/cps 12.59 g 

The damage r e s u l t i n g  f rom t h e  use v i b r a t i o n  was m o s t l y  due t o  t h e  

random v i  b r a t i o n  p o r t i o n .  The random e q u i v a l e n t  t e s t  produces t h e  most 

n e a r l y  equal damage. The s i n e  sweep t e s t  produces 16.5% l e s s  damage 

because t h e  t r a n s f o r m a t i o n  f rom random damage t o  s i n e  damage assumes a 

t h e o r e t i c a l  s e p a r a t i o n  o f  t h e  random and s i n e  f a t i g u e  curve which i s  

2.4% d i f f e r e n t  than t h e  a c t u a l  measured case. Th is  2.4% v a r i a t i o n  i n  

s t r e s s  can r e s u l t  i n  an e r r o r  o f  about 20% i n  l i f e  and i s  i n  c l o s e  

agreement w i t h  t h e  computed damage. The damage p r e d i c t e d  by t h e  s i n e  

dwe l l  e q u i v a l e n t  t e s t  dev ia tes  50% f rom t h e  T i e l d  v i b r a t i o n  damage. The 

reason f o r  t h i s  i s  t h a t  t h e  r e s u l t i n g  s t r e s s  i s  l o w e r  f o r  t h i s  t e s t  than 

f o r  any o f  t h e  o t h e r  t e s t s .  I n  u s i n g  t h e  a c t u a l  S-N  f a t i g u e  curves, a 

d i f f e r e n c e  w i l l  r e s u l t  f rom computer d e r i v e d  damage. T h i s  d i f f e r e n c e  i s  

accountable because the  s l o p e  o f  t h e  curves used i n  t h e  computer proqram i s  

7.8, t h e  mean o f  t he  random s l o p e  (7.66) and t h e  s i n e  s l o p e  (7 .94 ) .  The 
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e x t r a p o l a t i o n  o f  these curves r e s u l t s  i n  a l a r g e  e r r o r .  I f  t h e  

e q u i v a l e n t  t e s t  t i m e  and e q u i v a l e n t  t e s t  l e v e l  a re  s c a l e d  by t h e  

f o l l o w i n g  equa t ion :  

t p l b  = t L U 2  b 

where b i s  7.8 and a2 i s  a s t r e s s  which 

t h e  curves were measured, then a t e s t  t 

produce a damage which i s  n o t  d i s t o r t e d  

i s  i n  t h e  range 

me t2 w i l l  r e s u  

by t h e  v a r i a t i o  

f o r  which 

t which w i l l  

s l o p e  o f  t h e  

a c t u a l  f a t i g u e  cu rve  w i t h  r e s p e c t  t o  t h a t  used f o r  t h e  computer 

equat ions.  

2.56 x was computed. Th is  i s  20% o f f  t h e  f i e l d  v i b r a t i o n  damage 

and 3% o f f  t he  s i n e  sweep e q u i v a l e n t  v i b r a t i o n  damage. 

r e s u l t s  a re  cons ide red  t o  be p r o o f  t h a t  t h e  s c a l i n g  equa t ions  a re  

accurate.  

Using a l  = 31,600 p s i  and N1 = 10 6 c y c l e s ,  a damage o f  

These 



111. _I CONCLUSIONS 

The c o r r e l a t i o n  was e x c e l l e n t  f o r  ail1 t e s t s  excep t  t h e  f i e l d  

v i b r a t i o n  t e s t ,  which was considered i n v a l i d  due t o  i n s t r u m e n t a t i o n  

e r r o r .  The re fo re  i t  i s  assumed t h a t  t h e  equ iva lence  equa t ions  a r e  

v a l i d .  From t h e  t e s t s  i t  i s  f e l t  t h a t  t h e  P-M equa t ions  a r e  more 

accu ra te  f o r  t h e  specimen used than  t h e  C-D equa t ions .  These 

reasons a re  i temi zed: 

1 )  The P-M hypothes is  more a c c u r a t e l y  p r e d i c t e d  the  spacing 
and s l o p e  o f  t h e  random f a t i g u e  curve w i t h  r e s p e c t  t o  t h e  
s i n e  f a t i g u e  curve than d i d  t h e  C--D hypo thes i s .  
o f  f a t i g u e  p r o p e r t y  t e s t s  suppor t  t h i s  conc lus ions .  

Three s e t s  

2 )  TCle P-M hypo thes i s  gave b e t t e r  c o r r e l a t i o n  f o r  two o f  t h e  
e q u i v a l e n t  t e s t s  and i d e n t i c a l  f o r  t h e  t h i r d  e q u i v a l e n t  
t e s t .  

3) The P-M hypo thes i s  s i m p l i f i e s  t h e  computat ion o f  e q u i v a l e n t  
t e s t  l e v e l s  because: 

( a )  sequence o f  s t r e s s  a p p l i c a t i o n  does n o t  a f f e c t  
f a t i g u e  damage. (C-D  hypothes is  assumes t h a t  t h e  
arrount o f  damage i s  dependent on when the h i g h e s t  
s t ress  occurs) 

( b )  C - D  damage exponent values a r e  n o t  r e a d i i y  a v a i l a b l e .  

Ther? a re  many e f f e c t s  wl i ich chanye e q u i v a l e n t  t e s t  l e v e l s  as much 

as t he  no ted  d i f f e r e n c e  between t h e  P-M and C-D hypotheses. These a re  

i t e m i z e d  as t o  importance: 

1 )  E r r o r s  i n  measurement o f  f i e l d  v i b r a t i o n  and s t a t i s t i c a l  v a r i a t i o n  
f rom measurement t o  measurement w i  11 g i v e  1 a r g e r  changes i n  
e q u i v a l e n t  t e s t  l e v e l s  then  would be expected i n  s u b s t i t u t i n g  
P-M hypo thes i s  f o r  C-0 hypo thes i s  o r  v i ce -ve rsa .  

2 )  E r r o r s  i n  measurement o r  e s t i m a t i o n  o f  specimen c h a r a c t e r i s t i c s  
c o u l d  change e q u i v a l e n t  t e s t  l e v e l s  as much as t h e  choice of 
f a t i g u e  hypo thes i s .  



The a v a i l a b l e  va lue  o f  ' b '  o r  ' c l '  probab ly  would o r i g i n a t e  f rom 
f a t i g u e  t e s t s  on p o l i s h e d  speciniens whereas a c t u a l  s t r u c t u r e  
s u r f a c e  c o n d i t i o n s  would r e q u i r e  a ' b '  o r  ' d '  bdsed on notched 
specimehs. 
c o n d i t i o n s  c o u l d  exceed t h e  v a r i a t i o n  i n  p r e d i c t e d  damage due 
t o  t h e  cho ice  o f  f a t i g u e  hypothes is .  

Th i s  v a r i a t i o n ' i n  fatugue s lope  due t o  s u r f a c e  

V a r i a t i o n s  i n  the  a c t u a l  d i s t r i b u t i o n  o f  peak s t resses  under 
random l o a d i n g  may cause the  random f a t i g u e  curve  t o  vary  i t s  
p o s i t i o n  r e l a t i v e  t o  the  s i n e  f a t i g u e  curve .  I n  t h i s  t e s t ,  
t h e  assumption o f  a Ray le igh  
l i k e l y  t h a t  t h e r e  w i l l  be cases where: 

d i s t r i b u t i o n  was v a l i d  b u t  i t  i s  

( a )  
( b )  

Specimen c h a r a c t e r i s t i c s  w i  11 1 i m i  t t h e  extreme d e f l e c t i o n s .  
The f i e l d  v i b r a t i o n  i s  seve re l y  c l i p p e d  so t h a t  t h e  specimen 
response w i  11 be c l i p p e d .  

V a r i a t i o n s  o c c u r i n g  i n :  

( a )  

( b )  

( c )  

( d )  

( e )  The f i e l d  v i b r a t i o n  w i l l  i n  genera l  be a t h r e e  d imensional  

v i b r a t i o n  c h a r a c t e r i s t i c s  o f  d i f f e r e n t  f i e l d  v i b r a t i o n  
t e s t s  . 
response c h a r a c t e r i s t i c s  o f  a g i v e n  specimen as the  
impedance o f  t he  mounting changes. 
response c h a r a c t e r i s t i c s  o f  s e v e r a l  ou tward l y  s i m i  l a r  
specimens. 
Val ues o f  t ransmiss i  b i  1 i t y  and n a t u r a l  f requency due 
t o  non-1 i n e a r i  t i e s  w i  t h  r e s p e c t  t o  i n p u t  amp1 i tude.  

i n p u t  w h i l e  t h e  e q u i v a l e n t  t e s t  w i l l  be one d imens iona l .  

I t  i s  concluded t h a t  any r a t i o n a l  f a t i g u e  damage hypothes is  c o u l d  

be used i n  the  development o f  t h e  equ iva lence equat ions  s i n c e  the  above 

i tems cou ld  cause l a r g e r  v a r i a t i o n s  i n  the  e q u i v a l e n t  t e s t  l e v e l s  than 

the cho ice  o f  t he  f a t i g u e  hypo thes i s .  

Appendix J i l l u s t r a t e s  how an e q u i v a l e n t  random v i b r a t i o n  t e s t  

would be de r i ved .  
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I V .  RECOMMENDATIONS 

It i s  recommended t h a t  r e s t r i c t i o n s  be p laced  on t h e  a p p l i c a t i o n  

o f  t he  s e t  of equ iva lence equat ions .  

accura te  i n  p r e d i c t i n g  sine-random f a t i g u e  r e l a t i o n s  i n  some m a t e r i a l s  

The P-M hypothes is  i s  n o t  

and l o a d i n g   condition^'^ ) .  I f  a l a r g e  mean s t r e s s  i s  a p p l i e d  so t h a t  

t he  r e s u l t i n g  a p p l i e d  random s t resses  a r e  a l l  t e n s i l e  o r  a l l  compressive, 

t he  e f f e c t  o f  r e s i d u a l  s t resses  caused by 3a peaks may s i g n i f i c a n t l y  

change the  e f f e c t  o f  t he  damage caused by l ower  random s t resses .  I t  

i s  expected t h a t  m a t e r i a l s  which show s i g n i f i c a n t  d e v i a t i o n  f rom t h e  

l i n e a r  damage accumulat ion r u l e  when sub jec ted  t o  f l u c t u a t i n g  l o a d i n g  

w i l l  p robab ly  be the  same m a t e r i a l s  which would show t h e  moz t  s i g n i f i c a n t  

d e v i a t i o n  f rom t h e  random S-N f a t i g u e  curve p r e d i c t e d  by t h e  P-M hypo thes i s .  

Some m a t e r i a l s  which s t r a i n  harden such as 24 S-T A l c l a d  aluminum, 

e l e c t r i c a l l y  pure  copper, 24 S-T aluminum, and 75 S-T aluminum(7) w o i l d  

p robab ly  f i t  i n t o  t h i s  c l a s s .  I n v e s t i g a t i o n  o f  such m a t e r i a l s  cou ld  

i n f l u e n c e  the  a p p l i c a b i l i t y  o f  t he  e q u i v a l e n t  equat ions  which s c a l e  

damage between random l o a d i n g  and s i n e  l oad ing .  

I 
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APPENDIX A 

SYMBOLS AND TERMS 

a 

A 

A f i  

As d 

As s 

Asdye  

Ass ,e 

Asd ,ss ,e 

Ass ,sd,e 

*s d , r ,e 

Ass ,r,e 

Asd ,ee 

Ass ,ee 

b 

C 

cc 

C S  

C- D 

Peak s t r e s s .  Dimensions c o n s i s t a n t  w- i th a 

Ampl i tude o f  s i n u s o i d a l  v i b r a t i o n  i n p u t  l e v e l .  
o f  v i b r a t i o n .  

I n  u n i t s  o f  peak g ' s  

Ampl i tude o f  s i n e  v i b r a t i o n  a t  f requency f i .  

V i b r a t i o n  ampl i tude o f  s i n e  dwe l l  v i b r a t i o n  

V i b r a t i o n  ampl i tude o f  s i n e  sweep v i b r a t i o n  

V i b r a t i o n  ampl i tude o f  s i n e  d w e l l  v ib ipa t ion  which has been sca led  i n  
l e v e l  f rom the  o r i g i n a l  s i n e  dwe l l  l e v e l  t o  produce t h e  e q u i v a l e n t  
damage i n  the  t ime  d u r a t i o n  o f  t h e  f i n a l  e q u i v a l e n t  t e s t ,  and w i t h  
the  e q u i v a l e n t  v i b r a t i o n  component a p p l i e d  a t  t h e  specimen resonance. 

S i m i l a r  t o  the  above d e f i n i t i o n  except  t h a t  i t  a p p l i e s  t o  s i n e  sweep 
v i b r a t i o n  and, i n  a d d i t i o n  t o  s c a l i n g  t o  t h e  e q u i v a l e n t  t e s t  t ime,  
the  extreme f requenc ies  o f  t he  e q u i v a l e n t  s i n e  sweep t e s t  a r e  t h e  
same as the  f requency l i m i t s  o f  the  f i n a l  e q u i v a l e n t  t e s t .  

V i b r a t i o n  ampl i tude o f  s i n e  dwe l l  v i b r a t i o n  which has been sca led  
f rom a s i n e  sweep v i b r a t i o n  t e s t .  

S i m i l a r  t o  above b u t  t h a t  s c a l i n g  i s  f r o m  s i n e  dwe l l  t o  s i n e  sweep. 

S i m i l a r  t o  above b u t  t h a t  s c a l i n g  i s  .from random t o  s i n e  d w e l l .  

S i m i l a r  t o  above b u t  t h a t  s c a l i n g  i s  ,from random t o  s i n e  sweep. 

F i n a l  e q u i v a l e n t  s i n e  dwe l l  t e s t  whiclh i s  a summation o f  a l l  t h e  
o r i g i n a l  f i e l d  v i b r a t i o n  t e s t s .  

S i m i l a r  t o  t h e  above d e f i n  
i s  s i n e  sweep. 

The nega t i ve  r e c i p r o c a l  o f  

The l i n e a r  damping c o e f f i c  

C r i t i c a l  damping; 2- 

The va lue  o f  N which would 

t i o n  except  t h a t  t he  f i n a l  e q u i v a l e n t  t e s t  

t he  S-N curve  on l o g - l o g  p l o t .  

e n t  used i n  t h e  equat ions  o f  mot ion .  

r e s u l t  f rom t h e  h y p o t h e t i c a l  e x t r a p o l a t i o n  . .  

o f  t h e  S-N f a t i g u e  equa t ion  t o  e =  l p s i  

A b b r e v i a t i o n  f o r  Corten-Dolan c r i t e r i a  
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db 

D 

e 
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O f  
fe 

f n 

f 1 

3 

G ( iii ) 

t l  ( I , , )  

i 

I: 

K1 

I r i  

I l l  

Mi 

n 

'i 

The exponent which appears i n  t h e  C-D damage equa t ion .  

Decibe l  

F a t i  que damage 

r.latura1 o r  Naper ian l o g a r i t h m  base 

Expected va lue o f  some f u n c t i o n  

Frequency. Dimensions i n  cps. 

The frequency o f  the e q u i v a l e n t  s i n e  dwe l l  t e s t  v i b r a t i o n  coriiponent 

Resonant f requency o f  specirnen 

Frequency component o f  f i e l d  v i b r a t i o n  t e s t s  assoc ia ted  w i t h  h i g h e s t  
< t r e s s .  

The j t h  f requency component o f  t h e  5th f i e l d  v i b r a t i o n  t e s t .  

b o u r i  e r t r a n s  forma ti on symbo 1 

G r a v i t a t i o n a l  a c c e l e r a t i o n :  386 inches/sec2. 

F o u r i e r  t r a n s f o r m  o f  t he  v i b r a t i o n  i n p u t  

The coinplex t r a n s f e r  f u n c t i o n  

The imaginary number -v-l 
The e l a s t i c  r e s t o r i n g  c o e f f i c i e n t  used i n  the  equat  

The p r o p o r t i o n a l i t y  cons tan t  between s t r e s s  and d e f  

i l a t u r c j l  o r  i laper i i ln  l o g a r i  thin symbol 

t4ass 

-1 -. 

ons o f  mot ion.  

e c t i o n  

The f a c t o r  used i n  c o r r e l a t i o n  t e s t i n g  t o  r e l a t e  t h e  a c t u a l  specirnen 
v i b r a t i o n  c h a r a c t e r i s t i c s  t o  t h e  h y p o t h e t i c a l  specimen c h a r a c t e r i s t i c s .  

The number o f  cyc les  t h e  specimen exper iences 

The number o f  cyc les  t h a t  t h e  specimen exper iences a t  t he  i t h  s t r e s s  
l e v e l .  

The expected number o f  c y c l e s  t o  f a i l u r e  t h a t  a specimen w i l l  exper ience 
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The expected number o f  cyc les  t o  f a i l u r e  t h a t  a specimen w i l l  
exper ience i n  a m u l t i l e v e l  t e s t .  

The expected number o f  cyc les  t o  f a i l u r e  t h a t  a specimen would 
exper ience i f  s t r e s s e d  a t  t h e  i t h  s t r e s s  l e v e l .  

N i  

The p r o b a b i l i t y  d e n s i t y  f u n c t i o n  o f  peak s t r e s s  a t  s t r e s s  l e v e l  a. 

Resonant magni f i c a t  i on 

The l o g a r i t h m i c  sweep r a t e :  I n  f 2 / f l / t s s  

The t h e o r e t i c a l  s p e c t r a l  d e n s i t y  a t  2-w. Dimensions i n  g / r a d i a n .  2 

T e s t  t ime  i n  seconds t 

Sine  sweep t e s t  t ime tss 

tsd Sine dwe l l  t e s t  t ime  

E q u i v a l e n t  t e s t  t ime  t e 

tr Random t e s t  t ime  

The exper imenta l  s p e c t r a l  d e n s i t y  a t  f. Dimensions i n  g 2 /cps.  

The f r a c t i o n  o f  t h e  t o t a l  number o f  cyc les  t o  f a i l u r e  which were 
conducted a t  t h e  i t h  s t r e s s  l e v e l .  "i 

The gamma f u n c t i o n  symbol 

M a t e r i  a1 s t r a i n  

A measure o f  specimen damping: 1/2Q n 

A genera l  i zed damage exponent used in1 t h e  d e r i v a t i o n  o f  equa t ions .  e 

c 
0 

Summation symbol. 

S t ress  symbol. Dimensions i n  p s i .  
random s t r e s s  peaks, i t  i s  t h e  r.m.s. l e v e l .  

Where d e a l i n g  w i t h  d i s t r i b u t i o n  of (5 

Random s t r e s s .  Dimensions i n  r.m.s. p s i  

Sine s t r e s s .  Dimensions i n  peak p s i  
S 

0 

cp An approx ima t ion  term used i n  t h e  damage exp ress ion  due t o  s i n e  sweep 
t e s  t i  ng. 



$ 2  Ohms o f  e l e c t r i c a l  res is tance 

11) A n g u l a r  frequency. Dimensions in radians/sec.  
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A P P E N D I X  8 

D E R I V A T I O N  OF EQUATIOI IS  

The f o l l o w i n g  a n a l y s i s  i s  based upon t h e  P a l m g r e n - M i n e r ( l ) ( Z )  (P-M) and 

I t  deals  w i t h  Ccr ten D 0 1 a n ( ~ )  (C-D) f a t i g u e  damage accumulat ion hypotheses. 

v i b r a t i o n  environments whose d e s c r i p t i v e  parameters remain cons tan t  and a r e  

a p p l i e d  s e q u e n t i a l l y .  The model i s  a l i n e a r  s i n g l e  degree o f  freedom 

o s c i l l a t o r .  The p r i n c i p l e  goal  o f  t h i s  analys- is i s  t o  equate f a t i g u e  

damages u s i n g  v i b r a t i o n  i n p u t  parameters r a t h e r  than terms o f  s t r e s s  o r  

s t r a i n .  

0 

I t  i s  assumed t h a t  any complex equipment may be rep resen ted  by a 

combinat ion o f  n o n - i n t e r a c t i n g  s i n g l e  degree o f  freedom o s c i l l a t o r s  and t h a t  

t h e  damage due t o  combined v i b r a t i o n  types may be handled by c o n s i d e r i n q  t h e  

va r ious  types o f  V i b r a t i o n  s e p a r a t e l y .  The case o f  n o n - s t a t i o n a r y  o r  t i m e  

v a r y i n g  v i b r a t i o n  w i l l  be t r e a t e d  by b r e a k i n g  t h a t  environment i n t o  a s e r i e s  

of s e q u e n t i a l  environments each o f  which has cons tan t  parameters.  

The method o f  s o l u t i o n  i s  o u t l i n e d  a t  t h i s  p o i n t .  L e t  t h e  f i e l d  v i b r a t i o n  

which t h e  specimen exper iences i n  i t s  e f f e c t i v e  l i f e  t ime  be presented as t h r e e  

types o f  v i b r a t i o n  envelopes : 

e 1 ) w i  The i t h  random v i b r a t i o n  envelope 

*sd,i 

3 )  A s s t i  

The i t h  s i n u s o i d a l  dwe l l  v i b r a t i o n  enve 

The i t h  s i n u s o i d a l  sweep v - i b r a t i o n  enve 
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The f i r s t  o p e r a t i o n  i s  the r e d u c t i o n  o f  a l l  t he  envelopes o f  one t ype  o f  

v i b r a t i o n  i n t o  one envelope o f  t h a t  type.  

w i t h  the  same damage p o t e n t i a l  as a l l  o f  t h e  use v i b r a t i o n  random envelopes 

w i l l  have been d e r i v e d .  Th is  i s  repeated f o r  each o f  t h e  o t h e r  types o f  v i b r a t i o n .  

The second o p e r a t i o n  i s  t h e  s c a l i n g  o f  damage r e s u l t  nq f rom one type o f  

As a r e s u l t ,  one random envelope We 

@ v i b r a t i o n  t o  an equal damage r e s u l t i n g  f rom t h e  t y p e  o f  v b r a t i o n  which i s  

d e s i r e d  t o  use f o r  t e s t i n g  purposes i n  t h e  1a,b. 

Symbol ica l  l y  : 

'e 7.3 Asd,r  

"e => Ass ,r 

%,,e -3 "ss 

Asd,e --7/ -4 w sd  

h s , e  I> Ass ,ss 

Asd,e -\ -4 A ss,sd 

The f i n a l  s u b s c r i p t s  on t h e  r i g h t  hand terms i n d i c a t e  t h e  i n i t i a l  e q u i v a l e n t  

t e s t .  The f i r s t  e q u i v a l e n t  t e s t  which r e s u l t s  fromsumming damages o t  one t ype  o f  

v i b r a t i o n  i s  s c a l e d  i n  t h e  second o p e r a t i o n  t o  a second e q u i v a l e n t  t e s t .  

The t h i r d  and f i n a l  o p e r a t i o n  i s  a summation o f  t h e  t h r e e  e q u i v a l e n t  t e s t s  

i n t o  one f i n a l  e q u i v a l e n t  t e s t .  S ince a l l  t e s t s  a r e  by t h i s  s taqe  t rans fo rmed  

i n t o  t h e  f i n a l  d e s i r e d  t ype  o f  v i b r a t i o n ,  t h i s  i s  a summation l i k e  t h a t  used i n  

t h e  f i r s t  o p e r a t i o n .  

manner f o r  an e q u i v a l e n t  random t e s t :  

0 

The o v e r a l l  process ma.y be p resen ted  i n  t h e  f o l l o w i n q  



3 

F i  r s  .- t o p e r a t i o n  -- 

- 
i=l Ass,i ) Ass,, 

The f i  r s  t s t e p  o f  t h e  d e t a i  

i n v o l v e s  a l t e r i n g  the  b a s i c  form 

Second o p e r a t i  on 

i 
I 
\ 

3 wss j 

T h i r d  o p e r a t i o n  ____._ .---I- 

Wee 

ed  development, o f  t h e  equ iva lence  equat  on s 

s i m i l a r  t o  t h e  P-M equa t ion .  Th is  s i m p l i f i e s  many o f  t h e  l a t e r  m a n i p u l a t i o n s .  

o f  t h e  C-D e q u a t i o n  t o  o b t a i n  a form 

The P-M hypo thes i s  i s  u s u a l l y  p resen ted  as: 

When D i s  i r n i t y ,  t h e  specimen s assumed t o  have f a i l e d .  Th s i s  a l i n e a r  

damage equa t ion ;  the !J, term i s  t h e  l i f e  f roni  an S-N p l o t  and t h e  chariqr! i n  

IJ  i s  1 ) r o p o r t i o n n l  t o  a change n n i .  

t o  f a i l u r e  f o r  spcciiiiens r u n  a t  a cons tan t  s t r e s s  l eve l ,  thf? l o c w  o f  f ' i ~ i l u rc :  

On i i  lo!]-.lo!j p l o t  o f  f;trC?:;'b v s .  ~ y c l e ! ,  
0 

p o i n t s  i s  approx i inate ly  a s t r a i g h t  l i n e ,  t he  s l o p e  o f  which i s  - 1 / h  
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'09 N 

N6  = c  

F i g u r e  1 

The e q u a t i o n  of t h i s  f a i l u r e  curve  i s :  

b 

locus o f  f a i l u r e  p o i n t s ,  the  accumulat ion o f  

w i t h  t h e  

eve1 s . 
f o r  a specimen i s  cons idered t o  occur  

regard less  o f  t he  o r d e r i n g  o f  s t r e s s  

A1 though the  curve  i s  a 

damage, o r  c y c l e  r a t i o ,  

Ni d e f i n e d  by t h i s  l i n e  

The (C-D) hypothes s i s  u s u a l l y  expressed as: 

Th is  may a l s o  be expressed a s :  ' ' 

where ni i s  Ng x 

l e v e l .  

i, t h e  number o f  cyc les  o c c u r r i n g  a t  t he  i t h  s t r e s s  

This  can be t ransformed t o  a (P-M) type form by l e t t i n g  Ni .= N1 

Th is  r e s u l t s  i n  the  equat ion:  

i* 1 
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Besides b e i n g  s i m i l a r  t o  t h e  P-M equat ion ,  t h e  p l o t  o f  t h e  damage 

accumulat ion curve  shows t h e  s i m i l a r i t y  o f  t h e  two hypo thes i s .  

I 

The curve  w i t h  the  s lope  - and i n t e r s e c t i n g  the  S-N curve  

I n  genera l  d < b ( 3 )  so  the  a t  0-1,  N1 i s  t h e  ( C - D )  damage curve .  

s lope  i s  s teeper  than f o r  t he  S-N curve.  I t  can be observed t h a t  

t h e  h i g h  s t r e s s  61 causes t h e  l ower  s t resses  ai t o  have g r e a t e r  

damage p o t e n t i a l  than i f  5 1  had n o t  occurred.  The two c r i  t e r i a s  

become e q u i v a l e n t  when d = b .  I n  o r d e r  t o  s i m p l i f y  t h e  d e r i v a t i o n s ,  

t he  daniaqe exponent w i l l  be r e f e r r e d  t o  as 8 u n t i l  i t  i s  d e s i r e d  t o  

s p e c i f y  which hypothes is  t o  use. 

i The s t r u c t h r a l  imdcl w i l l  be rep resen ted  by t h e  Vo igh t  model i n  F i q u r e  3. 
L. _._L_- I 

1 C 

M s 

J 

F i g u r e  3 



The d i f f e r e n t i a l  equa t ion  o f  mot ion  i n  terms o f  y ,  t h e  r e l a t i v e  

d isp lacement ,  and x t h e  abso lu te  i n p u t  d isp lacement ,  i s :  

M Y  t C j  t Ky = -M; 

which i s  t he  e q u i v a l e n t  o f :  
.. .. 
y t i: r h n j  t W " * Y  = - x  

The complex t r a n s f e r  f u n c t i o n  r e p r e s e n t i n g  the  system i s  d e f i n e d  as 

where F i s  t he  F o u r i e r  Trans format ion  

F [ f ( t ) ]  = l:(t)emiut d t  = F (0) 

= ( i o ) n  F (o )  

r+- 

G(u) = \ g(t)e-iot d t  
J-00 

Trans forming the  d i f f e r e n t i a l  equa t ion  ( S I )  and s o l v i n g  f o r  tifrll j. 

I t  i s  u s e f u l  when d e a l i n g  w i t h  magnitudes t o  use the  abso lu te  va lue  

I 
i 

.-- 

(I;) 

( 9 )  

/-- -- - . .. .. . ..... . . 
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The m a x i n i i m  H ( w ; /  f o r  a system w i t h  a Q=20 occurs a t  Q )  = .9987 un 

For  p r a c t i c a l  purposes t h e  maximum ( H ( w ) l  occurs a t  w Wn. 

When d e a l i n g  w i t h  f requency expressed i n  u n i t s  o f  cps, the 

express ions become 

' n  

To express s t r e s s ,  u , i n  terms o f  a c c e l e r a t i o n  i n p u t ,  t he  

f o l l o w i n g  development i s  used. 

G = K,y 

For  a g i ven  d e f l e c t i o n  shape t h e  p r o p o r t i o n a l i t y  cons tan t  K, i s  d e f i n e d .  

I t  i s  a cons tan t  f o r  a l l  f r equenc ies  i n  a s i n q l e  degree o f  freedom 

model and n e a r l y  c o n s t a n t  f o r  t h e  resonant  f requency r e g i o n  i n  a 

d i s t r i b u t e d  mass system. By t h e  p r e v i o u s  d e r i v a t i o n  i t  can be s h o w  

. t h a t  

( 1 8 )  
= K,  IH(w) I = K , I  H ( f )  1 *i 

which i s  t he  b a s i c  fo rmu la  f o r  s t r e s s  i n  s i n u s o i d a l  sweep and s i n u s o i d a l  

d w e l l  t e s t s .  



e 

For the  case o f  random v i b r a t i o n  t h e  rms s t r e s s  i s  

[ --  (any1 - - _--_ i tude)’ - - . . - - 

where S (  OJ) i s  t he  t h e o r e t i c a l  s p e c t r a l  d e n s i t y  i n  rad ians  p e r  secon [ ._._- (ampJi - -  tude)’ - - - - -  - 

and W ( f )  i s  t he  exper imenta l  s p e c t r a l  d e n s i t y  i n  cyc les  p e r  second . 1 
A t  t h  s s tage,  t he  damage due t o  va r ious  types o f  v i b r a t i o n  can 

be d e r i v e d  The f i r s t  and s i m p l e s t  type  i s  s i n u s o i d a l  d w e l l .  Froiii 

equat ions  ( 7 ) ,  ( 18 ) ,  and t h e  e q u a l i t y  

mi fj+i 
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The summation a p p l i e s  t o  i spectrums o r  t e s t s  each o f  which c o u l d  be cornposed 

of  seve ra l  a c c e l e r a t i o n  i n p u t s  Aij. 

which produces t h e  g r e a t e s t  s t r e s s  i n  t h e  specimen i s  A1,and 1.11 i s  t h e  cyc les -  

t o - f a i l u r e  assoc ia ted  w i t h  t h e  h i g h e s t  s t r e s s ,  and I t i ( f 1 ) l  i s  t h e  t r a n s f e r  

The p a r t i c u l a r  Aij  i n  t h e  summation 

f u n c t i o n  f o r  AI. 

r e s u l t  i n  t h e  same damage as i t e s t s  a t  A i  i n p u t .  

assumed t h a t  an e q u i v a l e n t  t e s t  w i l l  be per formed a t  resonance. 

bJhen D = 1, a t e s t  r u n  f o r  N1 c y c l e s  a t  A1 i n p u t  would 

Fo r  g e n e r a l i t y  i t  i s  

e There fo re  

where t e  i s  t h e  e q u i v a l e n t  t e s t  t ime.  

Now equa t ion  (21)  f o r  t h e  e q u i v a l e n t  t e s t  would be 

D = f n t e  
i q  e 

s i n c e  o n l y  one l e v e l  i s  run. T h i s  damage can be  equated t o  t h e  damage 

caused by t h e  f i e l d  v i b r a t i o n  (equa t ion  21) 
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b Now til and Ne a re  va luestaken f rom t h e  SN p l o t ,  t h e r e f o r e  N,aib= 

I n  t h e  case o f  t h e  ( C - D )  hypo thes i s ,  8 i s  d and A1 i s  t h e  h i g h e s t  

e q u i v a l e n t  i n p u t  o c c u r r i n g  p r i o r  t o  i = 1.  

t h e  summation can o n l y  be taken f o r  s t r e s s e s  which do n o t  exceed t h e  

h i g h e s t  p r i o r  damaging s t r e s s  which occu r red  due t o  A i .  

more r e c e n t  h i g h  s t r e s s  occurs,  a new va lue  o f  A1 i s  taken and a new 

summation i s  taken f rom t h a t  p o i n t  u n t i l  a l a t e r  h i g h e r  s t r e s s .  For  

a case i n  which t h e  s t r e s s  l e v e l s  a r e  m o n o t o n i c a l l y  i n c r e a s i n g ,  t h e  

e q u i v a l e n t  t e s t  i s  e q u i v a l e n t  t o  t h a t  determined by a PM damage 

c r i t e r i a  s i n c e  t h e r e  would be o n l y  one term i n  each summation and 

t h e  l H ( f i j ) l A i j  would be t h e  same as t h e  ] H ( f l ) l A 1  which appeared 

o u t s i d e  t h e  summation s i g n  r e p r e s e n t i n g  t h e  h i g h e s t  p r i o r  s t r e s s  l e v e l .  

Fo r  t h e  Palmgren M i n e r  case 0 = b 

That  i s ,  more e x p l i c i t l y ,  

Whenever a 



1 1  

Here again,  o f  course,  t h e  i m p l i c a t i o n  i s  t h a t  t h e  e q u i v a l e n t  t e s t  w i l l  

be r u n  a t  t he  specimen resonance. 

i n t o  ( 2 7 )  and s i m p l i f i e d  

The va lue  o f l H ( f i j ) l c a n  be en te red  

- 
Next, t h e  random v i b r a t i o n  e q u i v a l e n t  t e s t s  w i l l  be de r i ved .  The case 

0 
o f  s c a l i n g  seve ra l  sequen t ia l  t e s t s  t o  one e q u i v a l e n t  t e s t  i s  based on 

a s i m i l a r  development t o  t h a t  f o r  t h e  s i n e  dwe l l  t e s t s .  

The f i r s t  assumption i s  t h a t  t h e  specimen has a narrow band response 

so t h a t  a Ray le igh  d i s t r i b u t i o n  o f  peak s t resses  w i l l  occur .  

r e l a t i v e l y  narrow band pass a l s o  i m p l i e s  t h a t  o n l y  t h e  random spectrum 

i n  t h e  immediate f requency r e g i o n  o f  resonance produces any s i g n i f i c a n t  

response. There fo re  random s t resses  w i l l  be based upon t h e  s p e c t r a l  

d e n s i t y  a t  resonance. 

The 

To o b t a i n  t h e  rms d e f l e c t i o n ,  one must r e f e r  aga in  t o  the  complex 

t r a n s f e r  f u n c t i o n l H (  ( ~ 1 ) l .  Mean square response can be d e f i n e d  as: 

S ince 5 ( 

S ( w n ) ,  t he  i n p u t  a t  resonance. 

w i l l  n o t  be r e f e r r e d  t o  again,  S i (  @) w i l l  be r e f e r r e d  t o  as 
Y 

( 2 8 )  



The s o l u t i o n  o f  t h i s  i n t e g r a l  i s :  

The t h e o r e t i c a l  s p e c t r a l  d e n s i t y  i s  r e l a t e d  t o  t h e  a c t u a l  s p e c t r a l  

d e n s i t y  *LA/, by t h e  r e l a t i o n :  

e s= !& 

and u s i n g  

The r e l a t  

f o r  t h e  s 

R e f e r r i n g  

4u 
the r e l a t i o n , w  = 2 n f  , we g e t :  

on between rms s t r e s s  and rms d e f l e c t i o n  remains t h e  same as 

n u s o i d a l  case so t h a t  t h e  exp ress ion  f o r  s t r e s s  becomes: 

back t o  ( 7 )  f o r  t h e  exp ress ion  f o r  damage, 

0 The damage exp ress ion  o r  c y c l e  r a t i o  f o r  random v i b r a t i o n  i s  expressed as:  

The frequency term i s  t h e  mean frequency o c c u r r i n g  i n  t i m e  t and i s  most 

accu ra te  f o r  narrow band random v i b r a i i o n  where f z f n .  

s t r e s s  peaks o c c u r r i n g  i n  amp l i t ude  i n t e r v a l  da i s  f i tap(a)  da where p ( a )  

i s  t h e  p r o b a b i l i t y  o f  a s t r e s s  peak o c c u r r i n g  i n  i n t e r v a l  da. 

The number o f  

For  narrow 

( 3 2 )  

, 

( 3 5  j 
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band random, a c l o s e  approx imat ion  t o  t h e  a c t u a l  d i s t r i b u t i o n  can be made 

w i t h  the  Ray le igh  d i s t r i b u t i o n :  

I n  t h i s  express ion  a and u a r e  i n  terms o f  s t r e s s .  

expressed as  t h e  rrns s t r e s s  l e v e l .  The terms N(a)  can be expressed i n  

t h e  forrr  o f  ( 7 )  and t h e  f i n a l  exp ress ion  f o r  damage i s :  

The va r iance  i s  

The 8 te rm i s  t h e  n e g a t i v e  r e c i p r o c a l  o f  t h e  s l o p e  o f  t h e  daiiiaye 

accumula t ion  curve.  The s o l u t i o n  o f  t h e  i n t e g r a l  g i v e s :  

From t h i s  r e l a t i o n  i t  f o l l o w s  t h a t  t h e  random v i b r a t i o n  S-N curve  

shou ld  be: 



I t  i s  apparent  f rom ( 3 6 )  t h a t  i f  t h e  ( C - D )  damage hypo thes i s  i s  

assumed and 0 = d, t h e  random S-N s l o p e  i s  d i f f e r e n t  than t h e  s i n e  S-N 

curve.  The s e p a r a t i o n  o f  t h e  S-N curves a t  a g i v e n  va lue  o f  N i s :  

Th i s  s e p a r a t i o n  i s  t h e r e f o r e  s t r e s s  dependent as l o n g  as t h e  s lopes 

o f  t h e  random and s i n e  S-N curves a r e  n o t  p a r a l l e l  a t  a g i v e n  v a l u e  o f  

N. The above r e l a t i o n  assumes a Ray le igh  d i s t r i b u t i o n  o f  peak s t resses  

and f o r  low va lues o f  Q t h i s  would n o t  be an accu ra te  assumption. 

Using (35 )  one can o b t a i n  r e l a t i o n s  between s e v e r a l  random envelopes. 

The damage f o r  t h e  e q u i v a l e n t  random t e s t  can be w r i t t e n  as: 

Equat ing (37)  and ( 3 5 )  and u s i n g  t h e  r e l a t i o n  n i =  fnt t h e  f o l l o w i n g  

r e l a t i o n s  a re  ob ta ined :  



From equa t ion  (36)  and ( 3 4 )  t h e  f o l l o w i n g  i s  obtained: 

There fo re  : 

The same damage c r i t e r i a  i s  assumed t o  app ly  f o r  v a r y i n g  s t resses  

which occur  i n  random v i b r a t i o n  and non- repea t ing  b l o c k s  o f  d i f f e r e n t  

l e v e l  v i b r a t i o n .  

f u n c t i o n  o f  t h e  s l o p e  o f  t h e  random S-N curve.  The vz exponent w i t h i n  

The ?‘/@ exponent on t h e  o u t s i d e  o f  t h e  b r a c k e t  i s  a 

t h e  b r a c k e t  i s  a f u n c t i o n  o f  t h e  damage acc;umulation f o r  non-repeat ing 

b locks  o f  v i b r a t i o n .  The f i n a l  equat ions used i n  t h i s  r e p o r t  have 0 = b .  

There fo re  t h e  e q u i v a l e n t  s p e c t r a l  d e n s i t y  becomes: 

The equa t ion  f o r  random v i b r a t i o n  damage which w i l l  be used t o  equate 

random t o  s i n u s o i d a l  damage i s  taken from 1 ( 3 7 ) ,  (36 )  and ( 3 4 ) .  0 



I - -  

The s i n u s o i d a l  sweep v i b r a t i o n  damage i s  developed by s t a r t i n g  w i t h  

( 7 )  once again.  

S ince  t h e  s t r e s s  l e v e l  i s  c o n t i n u o u s l y  v a r y i n g  i n  t h i s  t e s t ,  t h e  v a l u e  

o f  m would approach i n f i n i t y .  

c o u l d  be expressed f o r  t h e  damage o c c u r r i n g  a t  t h e  i t h  s t r e s s  l e v e l .  

A d i f f e r e n t i a l l y  smal l  component o f  damage 

The b racke ted  va lue  w i  11 be considered 

can be considered t o  have o c c u r r e d  w i t h i n  a 

a cons tan t .  

ve ry  s h o r t  t ime ,  d t ,  as the  

The va lue  o f  ni 

v i b r a t i o n  sweeps t h r u  the  i t h  s t r e s s  l e v e l .  

most popu la r  t y p e  o f  s i n e  sweep i s  one i n  which t h e  f requency v a r i e s  log-  

Therefore,dni = f i d t .  The 

a r i  thmi c a l  l y  acco rd i  ng t o  t h e  equa t ion :  

dC, R f  
dt 
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where R i s  t h e  sweep r a t e .  S o l u t i o n  of (4.4) g ives t h e  f o l l o w i n g  va lue  

f o r  R: 

where f2 and fl a r e  t h e  extreme f requenc ies  o f  t h e  s i n e  sweep and tss i s  

t h e  t ime  r e q u i r e d  t o  sweep f rom f l  t o  f 2 .  

equa t ion  ( 4 5 )  can be changed. 

Using these r e l a t i o n s  w i t h  ( 1 8 ) ,  

The term A, i s  t h e  t a b l e  i n p u t  a t  f requency f ( t h e  subsc ryp t  i has been 

dropped).  The va lue t,, i s  f o r  one sweep b u t  t h i s  c o u l d  be t h e  t i m e  f o r  

s e v e r a l  sweeps t o  occur  i f  t h e  t e s t  l a s t s  an even number sweep d u r a t i o n s  

i n  t i m e  tss. It i s  assumed t h a t  t h e  h i g h e s t  s t r e s s  occurs a t  f n  d u r i n g  

the  f i r s t  sweep. The case f o r  s e v e r a l  s e q u e n t i a l  s i n e  sweeps i s :  a a 



F i n d i n g  an e q u i v a l e n t  sweep l e v e l  (Afe)  f o r  seve ra l  e q u i v a l e n t  s i n e  sweeps 

i s  done i n  a manner s i m i l a r  t o  p rev ious  d e r i v a t i o n s  b u t  t h e  assumption 

must be made t h a t  A f i  i s  a c o n s t a n t  w i t h  r e s p e c t  t o  f requency so t h a t  t h a t  

term can be taken o u t  o f  t h e  i n t e g r a l .  Th is  assumption i s  c o n s i s t a n t  w i t h  

t h a t  made f o r  t h e  random spectrum b e i n g  cons tan t  i n  t h e  resonant  f requency 

range. Very l i t t l e  damage occurs o u t s i d e  o f  t h e  h a l f  power p o i n t s  o f  t he  

specimen so t h i s  assumpt 

t o  pe r fo rm ano the r  simp1 

summation have d i f f e r e n t  

on i s  v a l i d .  T h i s  assumption a l s o  makes i t  p o s s i b l e  

f i c a t i o n .  

l i m i t s  b u t  these l i m i t s  f a l l  reasonably  f a r  from 

I f  t h e  i n t e g r a l s  which appear i n  t h e  

t h e  resonance o f  t h e  specimen, then t h e  damage r e s u l t i n g  a t  t h e  extreme 

f requenc ies  i s  o f  l i t t l e  importance and the  extreme f requenc ies  c o u l d  be 

changed t o  c o i n c i d e  w i t h  t h a t  o f  t h e  e q u i v a l e n t  t e s t  f requency range. The 

- . .. 
The va lues  of A, and A i  a r e  taken a t  specimen resonance. 

i n t e g r a l s  and r e g r o u p i n g - t h e  r e s u l t i n g  equa t ion  may be ob ta ined .  

By c a n c e l l i n g  t h e  

Since Ne and N1 l i e  on t h e  S-N s i n e  curve,  t h e  r a t i o  w, can be expressed 

i n  terms o f  s t r e s s  

I 
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k A t  resonance = 
0; 

This  exp ress ion  i s  s i m i l a r  i n  fo rm t o  ( 2 6 ) .  

t e s t  l e v e l s  t h i s  i s  e q u i v a l e n t  t o  t h e  (P-M)  c r i t e r i a .  When 8 = b the  ( P - M )  

v e r s i o n  o f  (49 )  can be found: 

F o r  m o n o t o n i c a l l y  i n c r e a s i n g  

. -  

A t  t h i s  s tage a l l  t h r e e  b a s i c  types of v i b r a t i o n  damage have been d e r i v e d  

and t h e  s c a l i n g  o f  damage f rom one t ype  o f  v i b r a t i o n  t o  another  can be 

made. Since t h e  equat ions  a r e  developed, t h e  a l g e b r a i c  man ipu la t i ons  a re  

o m i t t e d  and t h e  r e s u l t i n g  e q u i v a l e n t  l e v e l  f o r  one t ype  o f  v i b r a t i o n  i s  

p resented  i n  terms o f  t h e  parameters o f  t h e  f i e l d  v i b r a t i o n  t e s t  which i s  

t o  be sca led .  

S I N E  SWELL FROM S I N E  SWEEP GENERAL CASE 
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, 

I n  t h i s  equa t ion  s u b s c r i p t  ss denotes s i n e  sweep and s d  denotes s i n e  d w e l l .  

The term Ass, fn i s  t h e  s i n e  sweep i n p u t  l e v e l  a t  resonance and Ass i s  t he  

s i n e  sweep i n p u t  a t  f requency f. f2 and f, a re  t h e  f requency  l i m i t s  o f  

t h e  s i n e  sweep and f s d  i s  t h e  f requency a t  which the  s i n e  dwe l l  t e s t  i s  

conducted. 

dwe l l  t e s t s .  

and Ass i s  a cons tan t  i n  t h e  resonant  f requency r e g i o n .  

tss and t s d  are  the  t e s t  t imes of t h e  s i n e  sweep and s i n e  

The f o l l o w i n g  equa t ion  i s  t he  case when 8 = b, f s d  = f n  

S I N E  SWEEP FROM S I N E  DWELL GENERAL CASE 

T h e s u b s c r i p t s h a v e  t h e  same meaning as i n  t h e  p rev ious  r e l a t i o n .  The 

assumption has been made t h a t  Ass i s  cons tan t  i n  t h e  resonant  f requency 

reg ion .  The s i m p l i f i e d  equa t ion  i n  which b = 8 and f s d  = f n  i s  p resented  

below: 

RANDOM FROM S I N E  DWELL GENERAL CASE 
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I n  t h e  above equa t ion  t h e  s u b s c r i p t  R r e f e r s  t o  random t e s t  parameters. 

I n  t h i s  case t h e  s t r e s s - d e f l e c t i o n  r a t i o  K1 does n o t  cancel  o u t .  

an awkard r e s u l t  o f  t h e  assumption t h a t  t h e  random S-N cu rve  i s  n o t  p a r a l l e l  

t o  the  s i n u s o i d a l  S-N curve.  Exper imen ta l l y  b o t h  curves have approx imate ly  

t h e  same s lope.  

f o l l o w i n g  equa t ion  r e s u l t s :  

Th i s  i s  

I f  one assumes t h a t  8 = b and t h a t  f,d = fn then  t h e  

S I N E  DWELL FROM RANDOM GENERAL CASE 

A l l  c o n d i t i o n s  and s u b s c r i p t s  f o r  (57 )  a r e  t h e  same as f o r  ( 5 5 ) .  

s i m p l i f i c a t i o n s  t o  t h a t  made f o r  (56)  r e s u l t s  i n  t h e  f o l l o w i n g :  

S i m i l a r  

S I N E  SWEEP FROM RANDOM GENERAL CASE 

(59)  

Here aga in  t h e  s t r e s s  d e f l e c t i o n  r a t i o  K1 appears. The s i m p l i f i c a t i o n  

t o  t h e  P-M r e l a t i o n  i s  per formed by l e t t i n g  8 = b.  



RANDOM FROM S I N E  SWEEP GENERAL CASE 

The s i m p l i f i c a t i o n  t o  t h e  (P-M) r e l a t i o n  j s . p e r f o r m e d  by l e t t i n g  0 = b .  

This  completes t h e  d e r i v a t i o n  o f  t he  b a s i c  e q u i v a l e n t  equat ions .  
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APPENDIX C 

COMPUTER PROGRAM - 

A program was w r i t t e n  i n  F o r t r a n  2 language t o  generate a f a m i l y  o f  

Th is  a l lowed s e l e c t i o n  o f  t h e  e q u i v a l e n t  e q u i v a l e n t  curves f o r  a range o f  Q. 

t e s t  once t h e  t e s t  i t e m  n a t u r a l  f requenc ies  and Q ' s  a re  est imated.  

generates a s i n g l e  p r e s e l e c t e d  t ype  o f  e q u i v a l e n t  t e s t .  

The proqram 

The sequence o f  t rans forminq  the  f i e l d  o r  use v i b r a t i o n  t o  an equ ivaJent  

v i b r a t i o n  was broken i n t o  t h r e e  phases. 

t ype  o f  e q u i v a l e n t  t e s t ,  i t s  d u r a t i o n  and freqluency range, the  f i e l d  v i b r a t i o n  

i n p u t s ,  f requency ranges, and du ra t i ons .  

increments o f  Q and frequency must be predecided.  

A p r i o r  s tep  i s  t he  cho ice  o f  the  

0 
I n  a d d i t i o n ,  t h e  range o f  Q's and 

Phase I combines a l l  l i k e  types o f  f i e l d  v i b r a t i o n  i n t o  one ( 1 )  t e s t  o f  t h a t  

t ype  l a s t i n g  the  same t ime  as t h e  f i n a l  e q u i v a l e n t  t e s t .  I f  o n l y  one component 

o f  a c e r t a i n  t ype  o f  v i b r a t i o n  e x i s t e d  i n  the  f i e l d  v i b r a t i o n  then i t s  l e v e l  

would be sca led  t o  produce t h e  same damage i n  the  e q u i v a l e n t  t e s t  t ime  d u r a t i o n .  

The equat ions  used a re  e7) fl3) and (19)of Appendix B. 

Phase I 1  i s  the  t r a n s f o r m a t i o n  o f  t h e  phase I l e v e l s  i n t o  components of 

the  p r e s e l e c t e d  type  o f  v i b r a t i o n .  A t  t he  comple t ion  o f  Phase 11, a component 

e x i s t s  f o r  each type o f  v i b r a t i o n  which was p r e s e n t  in t he  f i e l d  v i b r a t i o n .  

Equat ions 62) $4) $6) (38) (50) and 61) a re  used w i th  s l i g h t  m o d i f i c a t i o n  i n  

Phase 11. 

Phase I 1 1  i s  the  combining o f  these l i k e  types o f  v i b r a t i o n  i n t o  the  0 
I 

f i n a l  e q u i v a l e n t  l e v e l  us ing  some equat ions  o f  phase 1. A diagram o f  t h e  process 

i s  presented f o r  o b t a i n i n g  a s i n e  sweep e q u i v a l e n t .  

USE 
V I BRAT ION 

L A s d i  , t s d i  ---+ Asde, t e  ---- - A S S ,  

PHASE I PHASE I 1  PHASE I 1 1  

sd, tel 

--fAssy ee '  te 
Z A s s i ,  t s s i  .----+- Asse, t e  

,--- We, t e  . --. --f ASS, r, t e -  I TWi, tri 
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T h i s  process i s  repeated  f o r  every  change i n  resonant  f requency th roughou t  

the  e q u i v a l e n t  t e s t  f requency range. 

n e x t  h i g h e r  Q and the  process i s  repeated  t o  g e t  a new s e t  of e q u i v a l e n t  l e v e l s .  

A t  t h a t  p o i n t  a s t e p  i s  made t o  t h e  

The o u t p u t  i s  i n  t h e  form o f  t a b l e s  o f  numbers which can be p l o t t e d  i n t o  

f a m i l i e s  of curves.  

a c t u a l  e q u i v a l e n t  l e v e l s  f o r  p o i n t s  which d o n ' t  f a l l  on t h e  curves .  

From these curves,  i n t e r p o l a t i o n s  can be made t o  o b t a i n  

The t r a n s f o r m a t i o n  equat ions  a r e  m o d i f i e d  t o  min imize  t h e  computat ion 

The i n t e g r a l  appear ing i n  t h e  s i n e  sweep equat ions  r e q u i r e d  major  I t ime.  

s i m p l i f i c a t i o n  due t o  t h e  f o l l o w i n g  d i f f i c u l t i e s :  

e ( 1 )  S c a l i n g  o f  l a r g e  numbers. As f o r  f n  i s  changed, t h e  i n t e g r a n d  which 

i s  r a i s e d  t o  t h e @  power becomes g r e a t e r  t han  lo5' . T h i s  i s  g r e a t e r  

than t h e  c a p a c i t y  o f  t h e  computer caus ing  an accumulator  o v e r f l o w .  

The problem o f  t h e  l a r g e  number can be he lped by exp ress ing  the  

i n t e g r a l  i n  d imension less r a t i o s .  The o r i g i n a l  form o f  t h e  damage 

9!2 
d f  

- -  

)J D = W N ,  b[Q2((Jf3r+ I ) - ( ~ % ) 2 ( ' Z Q 2 - 1  9 2  
d f  - s "  

- 
tss 

( 2 )  Time f o r  s o l u t i o n .  I t  r e q u i r e d  one m inu te  f o r  an I B M  7074 t o  s o l v e  

equa t ions  i f8'2,b 

T h i s  can be changed t o  \he f 

t rf, 
J 

)J 
9 2  

dt 

8 i n t e g r a l s  o f  t h i s  na tu re .  

o r d e r  o f  a thousand t imes i n  an o v e r a l l  s c a l i n g  program, i t  becomes 

necessary t o  approx imate t h i s  i n t e g r a l  by  some means so t h a t  t h e  

computer t i m e  i s  k e p t  t o  a p r a c t i c a l  minimum. 

Since t h i s  computat ion i s  repeated  on the  
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The qroblem o f  excess ive computat ion t ime  i s  so lved by us ing  an 

approx imat ion  f o r  t h e  i n t e g r a l  i n  s i n e  sweep t rans fo rma t ions .  

A d imension less f u n c t i o n  $ i s  d e f i n e d  ( i s  being:  

9+ 
so t h a t :  

The f u n c t i o n  + can be approximated by ii s imple f u n c t i o n  o f  s i n c e  

t h e  f u n c t i o n  4 v a r i e s  l e s s  than 2% when f,, i s  i n  t h e  range o f  10 t o  1500 cps and 

Q i s  i n  the  range o f  10 t o  30. 

0 

rhese p l o t s  a r e  shown i n  F i g . c - 1  . A p l o t  o f  t h e  v a r i a t i o n  o f  @ w i t h  

respec t  t o  bshows t h i s  t o  be n e a r l y  a s t r a i g h t  l i n e  on l o g  l o g  paper F i g .  u. 
Th is  f e a t u r e  makes i t  p o s s i b l e  t o  approximate the  f u n c t i o n  by t h e  equa t ion :  

4, = 1.89 b- .645.  The use o f  t h i s  approx imat ion  reduces the  computer t ime  

by about a f a c t o r  o f  a thousand w i t h  respec t  t o  t h e  d e t e r m i n a t i o n  o f  t he  

s i n e  sweep damage. 

It i s  assumed t h a t  Q v a r i e s  by l e s s  than an o r d e r  o f  magnitude over  

the  f requency range o f  5 t o  2000 cps. I t  i s ,  t h e r e f o r e ,  d e s i r a b l e  t o  have a 

l o g a r i t h m i c  s t e p  s i z e  t o  o b t a i n  the  same r e l a t i v e  r e s o l u t i o n  over  the  e n t i r e  

f requency range. The computer program uses f,i = f,-!. ( f * / f , )  1 /n  

where f, and f, a re  t h e  extreme f requenc ies  arid n i s  t h e  d e s i r e d  number of 

f requency increments.  

A change i n  s tep  s i z e  was made t o  p r e v e n t  d i f f i c u l t y  a r i s i n g  when s i n e  

dwe l l  f i e l d  v i b r a t i o n  was superimposed w i t h  s i n e  sweep on random f i e l d  v i b r a t i o n  

Whi le  the  change i n  l e v e l  o f  t h e  random and s-ine sweep i n p u t s  was gradual  

( o r  o f  a low Q n a t u r e )  t h e  s i n e  d w e l l  component i s  a d i s c r e t e  s i n g l e  f requency 

and any e q u i v a l e n t  t r a n s f o r m a t i o n  o f  t h i s  w i l l  change g r e a t l y  as t h e  specimen 

resonant  f requency v a r i e s  i n  the  r e g i o n  o f  t h e  s i n e  dwe l l  f requency.  Fo r  the  



4 

f i e l d  v i b r a t i o n  i n  t h i s  p r o j e c t  a l o g a r i t h m i c  f requency s tepp ing  o f  100 i n t e r v a l s  

had s u f f i c i e n t  r e s o l u t i o n  t o  make accura te  curves. 

were superimposed i n  t h e  f i e l d  v i b r a t i o n  a t  low, f requenc ies ,  t h e  r e s u l t i n g  equiva-  

l e n t  curve p l o t s  were very  i r r e g u l a r  i n  t h e  r e g i o n  o f  t h e  s i n e  dwe l l  frequency. 

Th is  was most pronounced f o r  h i g h  Q e q u i v a l e n t  curve  p l o t s .  

resonance changed gradual  l y  i n  t h e  s i n e  dwe l l  f requency r e g i o n  t o  c o i n c i d e  w i t h  

i t ,  an e q u i v a l e n t  Q curve  took  on t h e  appearance o f  a s i n g l e  degree o f  freedom 

When s i n e  dwe l l  components 

As t h e  specimen 

response. 

was comple te ly  missed. 

b u t  o u t s i d e  t h e  frequency r e g i o n  o f  t h e  s i n e  dwe l l  component where t h e  e f f e c t  

o f  t h a t  component was n e g l i g i b l e ,  t h e  f i n e  s tep  s i z e  i s  d e t r i m e n t a l  i n  t h a t  t o o  

many p o i n t s  a r e  generated r e s u l t i n g  i n  a l o n g  computer run.  

d e s i r e d  t o  have t h e  s t e p  s i z e  change t o  a f i n e r  spac ing i n  t h e  f requency r e g i o n  

of  a f i e l d  v i b r a t i o n  s i n e  dwe l l  component and change back t o  the  normal spac ing 

i n  t h e  r e s t  o f  t h e  frequency reg ion .  

be by a f a c t o r  o f  10. 

When the  s t e p  spacing was g r e a t e r  than the  response bandwidth,  t he  response 

A f i n e r  s tepp ing  was necessary f o r  s i n e  dwe l l  components, 

T h e r e f o r e  i t  was 

The change i n  s t e p  s i z e  was chosen t o  

A t  t h i s  p o i n t  a f l o w  c h a r t  and o p e r a t i o n a l  d e s c r i p t i o n  a re  presented:  
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BASIC FLOW DIAGRAM 
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r 

CALCULATE 
C~NSTANT s 

INITIALIZE w-1 CALC. 
CALC 

CALC. CALC: , 

AEESD 

CALC. 
AEEP 

UPDATE 
FN 

r 
UPDATE 

(r 

Y 
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DETAILED FLOW DIAGRAM 
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-*- 
SD DATA r 

R DATA 

I 

t 



a 

I 
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r 
NG ( L )  =O 

CALC. mt 
zsuM2 

cim 18 C ~ N T I N U E  

DFN= DFNl 

DFN=DFN2 

R 

21 
DFN=DFN2 

LIia 

SUM3=0 



Q 11 

0 L = 1 , N R  

A T A B L E  

, <Tm 
2 1  C ~ N T I N U E  

SuM1=0 

CALC, $ 



n 
12 

1 

SCALE 
SS +SD 

SCALE 61 
AEE (LF) 

SCALE 
SD +SS 

CALC. & 

AEF (LF) 

f 

h 
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UPDATE ql 
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PROGRAf1  PR I i y T - O L l  



tJASS(L)--I:ASS 

2 CONT I NUE 

3 I F (  NSD)Lt, 6 , 4  
4 DO 5 L = l  ,NSD 

READ( 2 ,10@2)MASD,  T S D  (L )  , (ASD ( N ,  L )  , F S D (  N, L )  , N = l  ,MASD) 

N A S D (  L)=MASD 

5 CONT 1 NUE 

6 I F (NR)7,9,7 
7 DO 8 L = l  ,NR 

READ ( 2 , l  UU2 ) MAR, TR ( L ) , ( A R  ( iJ , L ) , N= 1 , MAR) 

NAR ( L ) -+AR 

8 CONT I i4 iJE 

9 NQ=(Q2-QI)/DQ+l.B 
D ' N ~ = - ( F ~ E / F ~ E ) * " ( ~  JDN) 
,F?J2==DFNI"*. 1 

- \  -=! I f t i1 
, -  

I ,  

? '  ,2 LQ=I,NQ 
. i , 3  N=l ,NSD 

53 ::: ( > ! )  -0  
i , i - F  1 E 

:IS 27 ~ ~ 4 , 5 0 0  
, i,-LF 

5 S ( L F  )=@. 0 
i, < S O  ( LF ) =O. 0 

. / L R ( L F ) = 0 . 0  

I F ( N S D ) 1 3 , 1 9 , 1 3  
13 S U M ? - i ' . 0  

15 



I F ( ?iG ( L )  ) 41 ,48,4 1 
40 EJG(L)-I 

r::=c1 ( K ,  L )  

G O  T O  1 7  
41. C O N T  I NUE 

16 C0NTI:dUE 
ltz N G ( L ) = ~  

1 7 X S UM2= ( f D ( L ) / F N ) >k ( T S D ( L ) / T E ) " A D  ( L ) i3/ 
1 ( Q f C Q Y r (  1 .+(FD( L)/Fi4)"ik4)-(FD( L)/FN)**Z* 
2 ( 2 . >':Q;'c;k 2- 1 . ) ) -I< * ( B / 2 . ) 

SUM2= S Ui42+XSUM2 

1 8 .  COldT I F4UE 

AESD(LF)=WMP*(  1 . / B )  
DFN=DFNl 
NGS-0 

DO 51, ?!-1,NSD 

2- 1 

2 2  
18 

*.'' :'I L = 1  ,NR 
I ir 1 +c;g-:: (L-1 ) 

C::fi=CVFiDF(AR( LL),NAR(L),1,1,2,FN) 
XSUF l3=TR ( L )  /TE*CRR** (B/ 2. ) 
S Ut43  = S Ul23+X SUM3 

CO>!T t iJUE 

A E R ( L r  ) SUM3**(2. /B) 
1 F ( l ! i X ;  10,12,10 
Si,;'1.-2,0 

13 1 1  L=l,NSS 
L L = i + y j * (  L-1 ) 
c z S S = c  : ' IDF(ASS( L L ) .  S S : L ) . ~ . I . ~ . ~  . I  
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27 
45 

28 

29 

30 
3 1  

3 2  C I,! 7 1 NUE 

I , ,  .' k ~ ~ ' ~  b j T ( 4 1  1 / ( 3 E l @ . O ) )  
I t '  ' i 2 7 )  LT( 1 2 , 3 E 1 8 . 0 / ( 2 E l D . D ) )  

1,;. L :-,T:4'.\AT( I ~ , E ~ ~ . O / ( Z E ~ D . ( ~ J ) )  

j G z 3  f ?;:*?A i ( 1  t i l ,  13X, 18tiV1 B R A T  I ON SCALE I N G / / )  

1 C " s / i  t CT,, tA T ( 4X, 1 H 0,8 X , 2 H  F N ,6 X , 3  @h' E OU I V A L  E NT S I 14 E S WE E P ( P E A K G ) / / ) 
l%L's i ~ ~ I ~ ; ' A T ( ~ X , ~ H Q , ~ X , ~ H F N , ~ X , ~ ~ H E Q U I V A L E N T  S I N E  DWELL 

12:1<, F C J : ! ; ' I A T ( ~ X , ~ H Q , ~ X , ~ H F N , ~ X , Z ~ H E Q U I V A L E N T  RANDOM ( G Z / C P S ) / / )  
(PEAK G ) / / )  

1 h b 1  T 3 ~ M A T ( F 6 . 0 , F 1 1 . 1  , F 1 2 . 4 )  

1 7  



P 



A O R I G I N  
A- - EXECUTE 

A 

A -  

A 

A 

A 
A 

A 

A O R I G I N  

A CVRDF 

A 
A 

A .  
A 

A 

A 

h 
A 

4 -  
4 

\ 

i o  
\ HAHAYY 
!i 

i .  

L V O R D X X 1  

WORDXX2 

C N T R L l 0 0 0  
C N T R L 7  

DC 

OCVRDF @ 
+0 
+0 
+1000 
+a 
+9 1 0 8 0 0 0 0 0 2  

C N T R L l 0 0 8  
SMSC 
Z A l  2 ( 4 , 5 ) + X 9 4  

S T D l  H A H A Y Y ( 4 , S )  

Z A 1  3 ( 4 , 5 ) + X 9 4  
S T D l  H A H A X X ( 4 , s )  
Z A l  0 ( 2 , 3 ) + X 9 4  
S T D l  * ( 6 , 9 ) + 2  
Z A l  0 ( 6 , 9 ) + X g 4  

S T D l  TABLEWORD( 2,s) 
Z A l  1 + X 9 4  

S T D l  *( 2,9)+1 

s1 +1 

A A  TABLEWORD( 2,s) 
S T D l  T A B L E W O R D ( 6 , g )  

Z A l  4+X94 
S T D l  *(  2 , 9 ) + 1  

Z A l  * 
S T D l  W O R D X X l ( 6 , g )  

X L l N  I W R D , 2 + X 9 4  

Z A l  @+IWRD 

S T D l  W O R D X X 2 ( 2 , 3 )  

X L l N  I W R D , 3 + X 9 4  

Z A l  Q)+IWRD 
S T D l  W O R D X X 2 ( 4 , 5 )  

X L l N  I W R D , S + X 9 4  

Z A 3  0 + I W R D  
6 L X  R E T U R N , I N T P  

DRDW +TABLEWORD,TABLEWORD 

NOP UGYUGY 

Z A l  UGYUGY 

A A  * ( 2 , 5 )  

Z A l  *(6,9) 

MSP IWRD 

I N T P  

I N T P  

I N T P  

I N T P  

I N T P  
I N T P  

I NTP 

I N T P  

1 N T P  

I N T P  

I NTP 

I N T P  

I N T P  

I N T P  
I i t ~ n  



A CCOM 

A -  - 

A I NTP 

A 

A 

A 

A 

A 

A 

A 

:. A 

A 
A 
A 

A 

A .  
A 
A ,  
A 

A 

A 
A 
A 
A 
A 

:. 
4 

G, 

4 

P 

4 

4 '  
4 .  

4 -  

4 -  

e\ 
\ 

4 

D A  1 

0% 1 9 9  
t-',SM "+80 
MSM ;k-t 1 6 
L S T 3  C C O / l  

XL 98, G+RETURN 
Z A A  13i-XS3 

s1  98(8 ,9)  
A 1  " (0 )  
Z S T ?  CCOM+l 

L E H  O+X98 
MSP *+8 
X L l N  98,98 
Z A 3  l + R E T U R N  

CSM 9 9 9 3  
BH *+3 
MSP *+66 
MSP 9993 
Z S T 3  CCOM+4 
13 *+18 

s1 9 9 9 1  
Z A 2  C C O M ( 4 , 5 ) + 4  
D q 0 > - 1  

S2 *(0)-3 
ZS3 9992 
M 98(4,5) 
A 2  98(6 ,9)  
Z S T 2  CCOM+2 

C2 C C O M ( 2 , 5 ) + 1  

Z A 3  C C O M ( 4 , 5 ) + 4  

B L  *+12 

A 2  CCOM+2 

C2 C C O M ( 6 , 9 ) + 1  
E H  *+4 
Z A 2  CCOM+2 

B *+ 7 
Z A 3  C C O M ( 4 , 5 ) + 4  

M 9 8 ( 4 , 5 )  
MSM 9 9 9 2  
A 2  ccOM(h l l + l  

M 98(4 ,5)  

SET E X T  S M  T O  NOP=OFF I N T P 0 1  

S E T  T L U  S W  T O  NOP=OFF I N T P 0 2  

SAVE ARGUMENT I N T P 0 3  

P U T  RDWLOC AND A I N  98 I N T P 0 4  

GET +RDW OF T A B L E  I N T P 0 5  

L A S T  FUNCT I O N  ADDRESS I N T P 0 6  

M I N U S  A t 1 IS  XN ADDR I N T P 0 7  

SAVE X 0  AND X N  ADDRES I N T P 0 8  

LOOK U P .  I F  ARG I S GRTR I N T P 0 9  

T B L , S E T  'TLU SW TO BR=ON I N T P l B  
S E T  98 = +A,FOUND I N T P l  1 

I S  T H I S  L A S T  F U N C T I O N N  I N T P 1 2  
TO B E  I N T E R P O L A T E D  I N T P 1 3  

I N T P 1 4  
S E T  E X T  !;W T O  B R  = ON l N T P l 5  

Ct iANGE SUGN OF L A S T  DRDW I N T P 1 6  

N 0 , S V E  DRDW OF C A L L I N G  I N T P 1 7  

SEQ AND GO THRU T L U  SW I N T P 1 8  

I F  OFF, GET X 0  L O C  l N T P l 9  

GET K I N T P 2 0  

D I V I D E  B Y  2 I N T P 2 1  

ADD 1 T O  Q U O T I E N T  I N T P 2 2  
MAKE SUM M I  NUS I N T P 2 3  

T I M E S  A I N T P 2 4  

ADD T L U  FOUND L O C  I N T P 2 5  

SAVE X0 L O C A T I O N  I N T P 2 6  

COMPARE W I T H  T A B L E  X 0  I N l P 2 7  

GET K I N  A C 3  I N T P 2 8  

B R  I F  X0 I S  BEFORE T R L  I N T P 2 9  

I F  XBLOC IS I N  T B L ,  GET I N T P 3 0  

K T I M E S  A P L U S  X@=XNLOC I N T P 3 1  

I S  X N  L O C A T I O N  I N T P 3 2  

O U T S I D E  THE T A B L E  I N T P 3 3  

NO. P I C K  UP X 0  L O C  I N T P 3 4  

G O  T O  I N T E R P O L A T E  I N T P 3 5  

YES. GET K I N T P 3 6  
T I M E S  A I N T P 3 7  

MAKE M I N U S  I N T P 3 8  
L. 83 TAR1 F Y N  I i T f l  ( I C T  I h I T D  n 

cJmr:IQ! 
!300c)0 
O m Q O  
000c30 
00000 
00880 
00000 
00080 
00000 
00000 
00150 
00000 
00Q00 
00000 
00000 
00080 
00000 
00000 
00000 
00000 
00000 
00000 
00000 

00080 
00000 
00000 
0000a 
00000 
00000 
00000 
00000 
00a00 
000Qld 
00000 
00080 
00000 
a0000 
00000 
rmaaa,n 



I? 

a 

-. A 

A 

A 

A '  

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 
A 

A 
A .  

A .  

A .  

A '  

A 
A 

A 

A .  
A 

A 

A 

A 

A 
A 

A 

x -I- L 

Z A 2  CCOM(2,5)+1 
S T D 2  q 6 , 9 ) + 1 2  

A 2  CCOM(2,3)+4 

S T D 2  * ( 6 , 9 ) + 1 3  

Z A 2  * (6,9) -2 
A 2  9933 
A 2  * ( O )  
STD2 * ( 6 , 9 ) + 1 0  

YTD2 * ( 6 , 9 ) + 2 0  
S T D 2  * ( 6 , 9 ) + 2 2  

S T D 2  * (6 ,9 )+24  
XL I l W A , 9 9 9 3  
XZA l l W B , 0  

Z A l  0 + I I W B  
FS CCOM 
Z S T l  CCOM+5+1IWA 

Z A l  B + l  IW3 
Z S T l  0+I I W A  

XA I IWB, 0+Xg8 

Z A 3  C C O M ( 4 , 5 ) + 4  

s3 * ( 0 ) + 3  

B I X  I I W A , * - 6  

XL I l W B , 9 9 9 3  

XZA I I W A , l  

Z A l  CCOM+S;+I I W A  

FS CCOM+S;+I IWB 

Z S T l  CCOM+2 
Z A l  CCOM+S+ I I WB 

FM 0+I IWA 

Z S T l  CCOM+3 

Z A l  CCOM+S+ I I WA 

F M  0 + I I W B  

FS CCOM+3 

FD CCOM+2 

Z S T l  0 + I I W A  

XZA I I W A , 2 + 1  IWB 

X L l N  I IWA,CCOM+4 
Z S T l  0 + I I W A  

B 2+RE TURN 
X A  l?ETURN,l 

B *-7 1 

B I X  I I W A , * - 1 1  

B I X  I I W B , * - 1 3  

K I X U L  h U  I U LA 1 K A t ' L I  t 1 N I l"tW LJCJrJw ' 
GET T B L  X 0 . G O  T O  EXTRPL I N T P 4 1  7446,@flQ *' 
STORE X(3 L O C  I N T P 4 2  00000 
ADD NUMBER OF F U N C T I O N  I N T P 4 3  00000 
STORE YCI LOC I N T P 4 4  00000 
CCOM+4 I N T P 4 5  Q)09)00 
P L U S  K I N T P 4 6  0a000 
PLUS 2 I S  F I R S T  CCOM I N T P 4 7  00000 
USED TO STORE Y I N T P 4 8  00000 
VALUES.  I N T P 4 9  00000 
I N S E R T  1 H I S  L O C  I N  I N T P 5 0  00000 
I NSTRUCT I O N S  I NTP5 1 00000 
SET 1 I W C \  = CJ,K I N T P 5 2  00000 
SET I l W F l  = 0 I N T P 5 3  000c10 
GET X I  I N T P 5 4  00000 
MIFJUS x AND S A V E  I N  I N T P 5 5  00008 
C + 5  THRLl C+5+K I N T P 5 6  000067 
GET Y I  AND SAVE IN I N T P 5 7  00000 
C+6+K THRU C+6+2K I N T P 5 8  00000 
INCRMT I IWB BY A I N T P 6 5 9  000D0 
LOOP K+1 T I M E S  I N T P 6 0  00000 

I N T P 6 1  00000 
GET K-1 I N T P 6 2  00000 
SET 1 I W B  = 0,K-1 I N T P 6 3  00000 
SET I I W A  =5 1,K I N T P 6 4  000130 

I N T P 6 5  00E100 
DO I N T P 6 6  00000 

I N T P 6 7  00000 
A I T K E N  I N T P 6 8  00000 

I N T P 6 9  0 i 3 0 0 0  

I N T E R P O L A T I O N  I N T P 7 0  00000 
I N T P 7 1  00000 
I N T P 7 2  00000 
I N T P 7 3  00000 
I N T P 7 4  00000 
I N T P 7 5  00000 
I N T P 7 6  00Q00 
I N T P 7 7  00000 
I N T P 7 8  00000 

GET STORE ADDRS I N  IWA I N T P 7 9  00000 
STORE I N T P  VALUE I N T P 8 0  00000 

I N T P 8 1  00000 
I F  OFF, UP RETURN. G O  I N T P 8 2  06000 
TO PROCESS NEXT DRDW I NTP83  flflflfla 

SW I S  BR OR NOP 



i; L .  .:QC i t 3 , X  

A I i ! i 2 CQU V t , X  

t+ I ‘!,8,\9 ZQU l t5 ,  X 
A Ill: T il h?; EQU 46, X 

*. I I WA 8 N EQU 47,X 
A I IWBRN EQU 48,X 
A END CNTRLCVRDF 

8 
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ORDER OF 
INPUT DATA 
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c 

INPUT DATA 

CARD . ..-.- 1 (must be present) 

COL. 1 Type o f  Equivalent T e s t  

a. Enter "1" f o r  Sine Sweep 

b. Enter "2" f o r  Sine Dwell 

c. Enter ''3" f o r  Random 

COL. 2 Num ier o f  Use Sine Sweep Tes K i mum f 9) 

COL. 3 

COL. 4 

Number o f  Use Sine Dwell Tests (maximum o f  9) 

Number o f  Use Random Tests (maximum o f  9) 

-- CARD 2 (must be present) 

COL. 1-10 

COL. 11-20 

COL. 21-30 

Q, Lowest Q ( f l o a t i n g  p o i n t  number) 

O2 Highest Q ( f l o a t i n g  p o i n t  number) 

Q Step Size ( f l o a t i n g  p o i n t  number) 

CARD 3 (must be present) 

COL. 1-10 Fle Lowest frequency o f  Equivalent Test ( f l o a t i n q  p o i n t  number) 

COL. 11-20 

COL. 21-30 

F p e  Highest frequency o f  Equivalent Test ( f l o a t i n g  p o i n t  number) 

N Number o f  Points Def in ing Equivalent Tes t  (maximum of 500) (FPN) 

CARD 4 (must be present) 

COL. 1-10 B Fatigue Curve Slope On Log Log P l o t  (FPN) 

COL. 11-20 TE Equivalent Test Time i n  Sec. (FPN) 

CARD 5 Optional - Only Required For Use Sine Sweep Tests 

COL. 1-2 Twice the number o f  cards de f i n ing  us Sine Sweep Spectrum (cards 5A).  

This number must be ' r i g h t  j u s t i f i e d .  Maximum number o f  cards i s  49. 

COL. 3-12 Ti Time f o r  i t h  Use Sine Sweep Test i n  Secondary (FPN) 

COL. 13-22 

COL. 23-32 

F l i  Lowest frequency f o r  above t e s t  (FPN) 

F2. Highest frequency f o r  above t e s t  (FPN) 
1 
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CARDS _ .  5A Optional - Only required f o r  Use Sine Sweep Test. 

A ,  Shaker amplitude i n  peak G ' s  (FPN) 

fi Shaker frequency f o r  Ai (FPN) 
1 

COL 1-10 

COL 11-20 

Cards 5A a r e  used t o  def ine a curve. 

ext rapolat ion i s  used w i t h  t h i s  curve. 

t o  give up t o  99th order i n t e r p o l a t i o n  and ext rapolat ion.  

COMMENTS ! A f i r s t  order i n t e r p o l a t i o n  and 

The program can e a s i l y  be changed 

For each Use Sine Sweep t e s t  there w i l l  be a Card 5 and Cards 5 A  t h a t  w i l l  

fo l low. 

b 0 
CARD 6 Optional - Only required f o r  Use Sine Dwell Tests 

COL 1-2 The number o f  Cards def in ing use Sine Dwell Spectrum (Cards 6A). 

This number must be r i g h t  j u s t i f i e d .  Maximum number o f  Cards 

i s  49. 

T .  Time f o r  i t h  Use Sine Dwell Test i n  Seconds (FPN) 
1 

COL 3-12 

CARDS 6 A  Optional - Only required f o r  Use Side Dwell Test 

COL 1-10 

G COL 11-20 

Ai Shaker amplitude i n  peak G I s  (FPN) 

fi Shaker frequency f o r  above t e s t  (FPN) 

COMMENTS! For each Use Sine Dwe l l  Test there w i l l  be a Card 6 and Cards 6 A  t h a t  w i l l  

fo l low. 

CARD 7 Optional - Only required f o r  Use Random Test 

COL 1-2 Twice the number o f  Cards de f i n ing  use Random Spectrum (Carcis 7A).  

This number must be r i g h t  j u s t i f i e d .  

Ti Time f o r  i t h  Use Randoin Test i n  Seconds (FPN) 

W .  Shaker amplitude i n  G2/cps (FPN) 

fi Shaker frequency f o r  kli 

Maximum number o f  Cards i s  49. 

I 

e 
COL 3-12 

CARDS 7 A  Optional - Only required f o r  Use Random Test 

COL 1-10 

COL 11-20 

A l l  coments fo r  5 A  apply here. 

and Cards 7A t h a t  w i l l  fo l low.  

1 

COMMENTS ! For  each random t e s t  there w i l l  be a card 7 
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APPENDIX  D 

TEST PROCEDURE 

Th is  appendix p resen ts  a d i s c u s s i o n  o f  t h e  v a r i a b l e s  t o  be measured and 

t h e  development o f  adequate t e s t i n g  techniques.  Var ious unsuccessfu l  a t tempts  

t o  i n s t r u m e n t  t h e  t e s t s  revea led  p h y s i c a l  measurement problems, which once 

i d e n t i f i e d ,  may be avoided. 

The o b j e c t i v e  o f  t h e  t e s t  procedure was t o  e s t a b l i s h  t h e  t e s t  sequence 

and measurement techniques t o  be employed i n  g a t h e r i n g  o f  da ta  i n  a l i gnmen t  

w i t h  p r o j e c t  o b j e c t i v e s .  

The t e s t  procedure c o n s i s t s  o f  a twe lve -s tep  sequence which was used on 

t h e  f i n a l  s e t  o f  mult ibeam t e s t s :  

1.  Mount accelerometers on t h e  t a b l e  f o r  i n p u t  c o n t r o l ,  and on t h e  t i p  

o f  t h e  specimen beam. C a l i b r a t e  t h e  accelerometers a g a i n s t  a known 

s tandard  a t  300 cps. 

Apply  a t h i n  c o a t i n g . o f  s i l i c o n e  grease t o  t h e  specimen beam r o o t  

area and mount on t h e  v i b r a t i o n  f i x t u r e .  

t o  assure t h a t  t h e  specimens a r e  i n s u l a t e d  f rom t h e  t e s t  f i x t u r e .  

2 .  

Using an ohm meter ,  check 

I 
The specimen must be p o s i t i o n e d  such as t o  achieve p roper  spac ing  

between t h e  beam t i p  and t h e  sensing c a p a c i t o r .  

Determine undamped beam resonance f requency by  s u p p l y i n g  s i n u s o i d a l  

i n p u t  t o  t h e  specimen. I n p u t  l e v e l  s h a l l  be a d j u s t e d  t o  y i e l d  100 g ' s  

o u t p u t  as measured by t h e  beam t i p  accelerometer .  

0 
3. 



2 

4. Position rubber columns on the beams and secure by use of a n  adhesive. 

The beam t i p  s t a t i c  deflection shall be measured before and a f t e r  

instal l ing rubber columns. The columns shall be allowed to  relax f o r  

several hours prior t o  measurement. 

5.  Trim the columns as each beam i s  calibrated again.  When the Q i s  within 

2 of being 20 the low level calibration i s  ended. 

6.  Based on the type of t e s t  t o  be r u n ,  and  the pre-test  character is t ics  of 

the beams, an estimate of damage due t o  the correlation t e s t  shall be 

made. I t  iz attempted to  get a t  l eas t  . 3  damage on a l l  beams. If needed, 

the rubber columns are trimmed further or completely replaced t o  meet th i s  

minimum damage level.  

S t a r t  the t e s t  a n d  monitor the resonant frequency a n d  acceleration for 
I 

7 .  

each type of t e s t  in the following manner: 

7 . 1  Sine Dwell: Acceleration i s  measured by voltmeter reading of 
Resonance i s  read from frequency meter capacity transducer. 

connected t o  shaker osc i l la tor .  
resonance. 

The specimen i s  peaked to  

7 . 2  Sine Sweep: Peak acceleration i s  measured by peak voltmeter 
reading of capacity transducer. 
frequency i s  determined from osc i l l oq ra~h ic  trace.  

of capacity transducer output. 
by spectral analysis of 20 sec. tape loop. 

Value of Q and resonance 

7.3 Random: RMS acceleration i s  measured by damped TRMS voltmeter reading 
Value o f  Q and t n  i s  determined 

8. 

f 

After the f i r s t  readings, a second damage calculation shall be made a n d  

the time d u r a t i o n  of the correlation t e s t  i s  altered i f  needed. I f  a 

change i n  time d u r a t i o n  i s  n o t  praqtical then a chanqe i n  level must be 

. riid de . 
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9. Readings o f  a c c e l e r a t i o n  and frequency s h a l l  be repeated d u r i n g  t h e  

c o r r e l a t i o n  t e s t  a long w i t h  v i s u a l  i n s p e c t i o n  o f  t h e  specimens. 

A t  the  f i n i s h  o f  t h e  c o r r e l a t i o n  t e s t ,  t h e  s t a t i c  d e f l e c t i o n  o f  t h e  

specimen must be measured b e f o r e  and a f t e r  removal o f  t h e  rubber  

10. 

c o l  umns . 
11. The c a l i b r a t i o n  s h a l l  be checked and, m e  a t  a t ime,  t h e  beams a r e  0 

run  o u t  t o  f a i l u r e  w i t h  s i n e  d w e l l  i n p u t .  

The c a l i b r a t i o n  i s  checked a t  t h e  end o f  t h e  t e s t  a long w i t h  t h e  

accelerometer  c a l  i b r a t i o n .  

12. 

As descr ibed i n  Appendix E, t h e  t e s t  specimens were c a n t i l e v e r  beams o f  

f i x e d  dimension and end mass. 

The f a i l u r e  c r i t e r i a  was d e f i n e d  as be ing  t h e  c y c l e  r a t i o  t o  produce macro 

cracks o f  s u f f i c i e n t  s i z e  t o  s h i f t  t h e  specimen resonance frequency 0.5%. The 

d e f i n i t i o n  o f  f a i l u r e  c r i t e r i a  i s  based on prev ious  work a t  C o l l i n s ( S )  Radio 

Company and knowledge t h a t  f a t i g u e  cracks o f  s u f f i c i e n t  magnitude t o  cause 

g r e a t e r  s h i f t s  i n  resonance frequency r e s u l t  i n  no p r e d i c t i b l e  r e l a t i o n s h i p  

between s t resses  and t e s t  i n p u t  l e v e l s .  

An i n s p e c t i o n  dev ice  was d e s i r e d  which would sense t h e  crack w i t h o u t  

i n t e r r u p t i n g  t h e  t e s t .  I t  was decided t o  t r y  an eddy c u r r e n t  d e t e c t o r .  

The t h e o r y  o f  o p e r a t i o n  i s  t h a t  t h e  mutual  inductance between two i n d u c t o r s ,  

i n  t h i s  case we used an i n d u c t i o n  c o i l  i n  c l o s e  p r o x i m i t y  t o  t h e  beam r o o t  

and t h e  aluminum o f  t h e  beam i n  t h e  beam r o o t  area as i n d i c a t o r s ,  i s  chanqed 

by crack f o r m a t i o n  i n  the  r o o t  o f  t h e  beam. A s e r i e s  o f  t e s t s  w i t h  p r o q r e s s i v c l y  
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more e f f i c i e n t  c o i l s  i n d i c a t e d  t h a t  t h i s  c o u l d  have been developed i n t o  

something workable b u t  a t  t h e  s tage a t  which work was abandoned, t h e  

s e n s i t i v i t y  was marg ina l  and t h e  amount o f  i n s t r u m e n t a t i o n  needed f o r  a 

mult ibeam t e s t  would have been p r o h i b i t i v e .  

A p a r a l l e l  e f f o r t  was t h e  a t tempt  t o  make a t r u l y  v iscous damper. The 

f i r s t  t ype  o f  damper ( F i g u r e  0-1)  cons idered was based on t h e  f a c t  t h a t  a 

f o r c e  p r o p o r t i o n a l  and oppos i te  t o  t h e  beam t i p  v e l o c i t y  r e s u l t s  f rom t h e  

i n t e r a c t i o n  o f  t h e  DC magnet ic f i e l d  and t h e  induced eddy c u r r e n t  f i e l d .  

The damper was success fu l  w i t h  no end mass b u t  gave i n s u f f i c i e n t  damping 

on t h e  a c t u a l  t e s t  specimen. 

The n e x t  two at tempts a t  a v iscous damper used o i l  dash p o t s  i n  which 

a smal l  paddle b lade was a t tached t o  t h e  end mass o f  t h e  beam and moved i n  

a smal l  s l o t  f i l l e d  w i t h  o i l .  

cons tan t  Q a t  h i g h  g l e v e l  due t o  o i l  s p l a t t e r .  The damper ( f i g u r e  0 - 3 )  

gave a d e t e r i o r a t i n g  wave shape due t o  p i v o t  wear. 

The damper ( f i g u r e t ) - 2 )  would n o t  m a i n t a i n  a 

A number o f  v i s c o e l a s t i c  m a t e r i a l s  were t r i e d  p r i o r  t o  o b t a i n i n g  a 

workable damper. Shear p l a t e s  were p u t  on t o p  and bot tom sur faces  o f  

t h e  beam; a commercial v i s c o e l a s t i c  sheet  m a t e r i a l  was g lued t o  t o p  and 

bot tom sur faces ;  s t r i p s  o f  n y l o n  o r  h i g h  damping rubber  were clamped f rom 

base t o  beani t i p ,  b u t  none o f  these would l a s t  f o r  t h e  d u r a t i o n  of  the  t e s t  

a t  h i g h  g leve ls ,o r  t h e  Q and f, were very  dependent upon i n p u t  l e v e l .  The 

f i n a l  damper was i n  t h e  form o f  two 1 "  x 1/2" x 1/2" columns o f  s o f t  s i l i c o n e  

rubber  as shown i n  f i g u r e  (0-4). The s i l i c o n e  rubber  columns were g lued t o  the  

beani t i p  and t h e  f i x t u r e  and t o p  suppor t .  Problems which were encountered 

w i t h  t h i s  type  of  damper a r e  l i s t e d  here:  
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1.  R e l a x a t i o n  o f  t h e  rubber  column caused t h e  Q t o  d r i f t  f rom t h e  i n i t i a l  

s e t t i n g .  

The dynamic modulus was n o t  g r e a t l y  changed by t h e  amount o f  compression 

o f  t h e  columns. 

o f  t h e  column t o  buck le .  

o v e r s i z e d  areas and compress them t o  g e t  a Q o f  about  15. 

column was tr immed w i t h  a k n i f e  t o  ge t  a Q o f  20. 

The Q ' s  were s e t  a t  a low i n p u t  t o  m in im ize  damage t o  t h e  specimens. 

When h i g h  l e v e l s  were a p p l i e d ,  t h e  Q was observed t o  change. 

C o n t r i b u t i n g  f a c t o r s  i n c l u d e d :  

3.1 B u c k l i n g  o f  t h e  columns a t  h i g h  g l e v e l s .  

3.2 P a r t i a l  f a i l u r e  o f  t h e  adhesive p o i n t s .  

2. 

The amount of compression was l i m i t e d  by t h e  tendency 

It was necessary l a t e r  t o  make columns w i t h  

Then t h e  

3. 

3 .3  Heat ing  o f  t h e  columns due t o  i nc reased  energy d i s s i p a t i o n  
a t  h i g h e r  g l e v e l s .  

3 .4 D i f f e r e n c i e s  between t h e  t o p  and bot tom mount r e s u l t e d  i n  
d i f f e r e n c e s  i n  t h e  dynamic s t r a i n .  

4. The s t a t i c  compression o f  t h e  columns v a r i e d  i f  one column had a s m a l l e r  

c ross  s e c t i o n a l  area or i t s  hardness was g r e a t e r  than t h e  o t h e r  column. 

T h i s  r e s u l t e d  i n  a case of  combined s t a t i c  and dynamic s t r e s s e s .  I t  was 

necessary t o  measure t h e  s t a t i c  p o s i t i o n  o f  t h e  rubber  t o  determine how 

much s t a t i c  pres t r e s s  each beam was e x p e r i  e n c i  nq . 
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I -  

Altt-,ough t h e  v i s c o e l a s t i c  columns presented problems, they  were b e t t e r  

than any t h e  o t h e r  dampers t e s t e d  due t o  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  

1.  The v i s c o e l a s t i c  m a t e r i a l  d i d  n o t  f a t i g u e  o r  d e t e r i o r a t e  d u r i n g  h i g h  

l e v e l  t e s t s .  Once t h e  damper temperat i i re  had s t a b i l i z e d  and any 

unbonding o f  t h e  columns had occurred,  t h e  c h a r a c t e r i s t i c s  remained 

n e a r l y  c o n s t a n t  t h roughou t  t h e  t e s t .  

2 .  The amp l i t ude  l i n e a r i t y  o f  t h e  specimeri w i t h  t h i s  damper was b e t t e r  

t han  f o r  any p rev ious  damper. 

3. The change i n  f requency due t o  changes i n  i n p u t  l e v e l  were s m a l l .  

An e f f e c t  occu r red  a t  t h i s  phase which changed t h e  procedure s i g n i f i c a n t l y .  

I t  was observed t h a t  on l o n g  d u r a t i o n  f a t i g u e  t e s t s  which were i n t e r r u p t e d  ove r  

n i g h t  t h a t  t h e  f a t i g u e  l i f e  was lengthened. A f t e r  t h i s  e f f e c t  was n o t i c e d  

-epeatedly,  a s e r i e s  o f  checks were conducted t o  determine i f  t h i s  o b s e r v a t i o n  

was v a l i d .  These checks were f o r :  

1 )  p o s s i b l e  c a l i b r a t i o n  d r i f t ,  

2 )  

3 )  

4 )  

f requency v a r i a t i o n  due t o  20°F temperature v a r i a t i o n  i n  shaker rooni, 

b iased  readings due t o  d i f f e r e n t  ope ra to rs  and, 

h e a l i n q  of  f a t i g u e  damage i n  f a t i g u e  t e s t s  hav ing  l o n g  i n t e r r u p t i o n s .  

Some random c a l i b r a t i o n  d r i f t  was d i scove red  i n  t h e  a m p l i f i e r  which was t h e  

e a r l y  FM u n i t .  T h i s  d r i f t  l e d  t o  some a d d i t i o n a l  s c a t t e r  i n  r e s u l t s  b u t  d i d  r iot  

account f o r  t h e  observed inc rease  i n  l i f e  f o r  t h e  i n t e r r u p t e d  t e s t s .  The t e s t  , 

procedure was r e w r i t t e n  t o  i n c l u d e  a d d i t i o n a l l  c a l i b r a t i o n  checks i n  o r d e r  t o  

rii i n i m i  z e po s s i b 1 e s c a t t e r . 
I 

I 
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The temperature induced v a r i a t i o n  i n  he n a t u r a l  f requency due t o  a 30°F 

change was found t o  be 0.05% w i t h  t h e  v a r i a t i o n  be ing  comple te ly  r e v e r s i b l e  

upon r e t u r n  t o  i n i t i a l  temperature.  T h i s  accounted f o r  a s m a l l  p a r t  o f  t h e  

observed v a r i a t i o n  i n  t h e  resonant  frequenc.y. A smal l  amount o f  t h e  v a r i a t i o n  

i s  a l s o  a t t r i b u t a b l e  t o  o p e r a t o r  c h a r a c t e r i s t i c s .  

Dur ing  t h i s  t ime more t e s t s  were performed t o  determine q u a n t i t a t i v e l y  

how s i g n i f i c a n t  t h e  h e a l i n g  e f f e c t  was. 

a thorough t e s t  o f  t h i s  e f f e c t  b u t  i t  was determined t h a t  a t  l e a s t  severa l  

hours were r e q u i r e d  t o  n o t i c e  a s i n g i f i c a n t  degree o f  h e a l i n g .  

Time and sample l i m i t a t i o n s  prevented 0 

I n  a d d i t i o n ,  

t h e  e a r l i e r  i n  t h e  t e s t  t h e  i n t e r r u p t i o n  occurred, t h e  more pronounced was 

t h e  h e a l i n g .  I n  genera l  t h i s  i s  i n  disagreement w i t h  t h e  r e s u l t s  o f  s i m i l a r  
1 

s t u d i e s  . (10)  

Due t o  t h e  h e a l i n g  e f f e c t ,  t h e  l a s t  procedure was m o d i f i e d .  A l l  beams were 

t o  be v i b r a t e d  s imu l taneous ly  t o  a f l a t , r a n d o m  i n p u t  i n  t h e  r u n - o u t - t o - f a i l u r e  

p o r t i o n  o f  t h e  t e s t .  

v a r i a t i o n  i n  beams resonances was l e s s  than 0.1 cps. The f a i l u r e  check was made 

w i t h  a 5 cps bandwidth f i l t e r  s e t  s l i g h t l y  above t h e  o r i g i n a l  resonance. When I 

\ 
t he  resonance f e l l  below t h e  lower  f requency range o f  t h e  f i l t e r ,  no response 

Small t u n i n g  masses wlere added t o  t h e  beams so t h a t  

was n o t i c e d  and a s i n u s o i d a l  f requency check was made. 0 
The o r i g i n a l  procedure was i m p r a c t i c a l  due t o  t h e  i n t e r a c t i o n  o f  the Learn5 

t 

w i t h  t h e  shaker t a b l e .  Since t h e  beams had an undamped Q o f  s l i g h t l y  l e s s  than 

2000, a sharp no tch  i n  the  shaker spectrum r e s u l t e d  a t  t h e  specimen resonance 

i n  c o n j u n c t i o n  w i t h  an e q u a l l y  h i g h  s p i k e  about a hundredth o f  a cps above t h e  

notch.  As one beam would f a i l ,  i t s  resonance would drop and i t  would move o u t  

\ 

o f  t h e  l a r g e  no tch  caused by t h e  o t h e r  beams causing a c c e l e r a t e d  f a i l u r e .  The 



o t h e r  beams would occupy a sha l lower  no tch  due t o  t h e  absence o f  t h e  one 

f a i l i n g  beam which would a l s o  a c c e l e r a t e  t h e i r  f a i l u r e .  T h i s  i n t e r a c t i o n  

caused a l l  the  beams t o  f a i l  a t  once. Three t imes, a m u l t i p l e  beam t e s t  

d i s p l a y e d  t h i s  e f f e c t  and t h e r e f o r e  t h i s  form o f  r u n - o u t - t o - f a i l u r e  t e s t  

I 

was abandoned. 

The f i n a l  impact on t h e  t e s t  procedure o f  t h e  h e a l i n g  e f f e c t  and t h e  

i n t e r a c t i o n  d u r i n g  m u l t i p l e  t e s t s  was t h a t  a s i n e  d w e l l  r u n - o u t - t o - f a i l u r e  

had t o  be performed on t h e  beams one a t  a t i m e  w i t h  a minimum delay a f t e r  

0 

t h e  c o r r e l a t i o n  t e s t .  The o v e r a l l  number o f  specimens i n  one mult ibeam 

t e s t  was reduced f rom 10 t o  6. T h i s  r e s u l t e d  i n  a s h o r t e r  average i n t e r -  

r u p t i o n  between t h e  c o r r e l a t i o n  p o r t i o n  and r u n - o u L t o - f a i l u r e  p o r t i o n .  

Dur ing  t h e  summer t h e  h u m i d i t y  o f  t h e  l a b o r a t o r y  inc reased t o  t h e  p o i n t  

where i t  was f e l t  t h a t  some change i n  f a t i g u e  l i f e  migh t  occur .  Therefore 

t h e  l a s t  two s e t s  o f  beams were coated w i t h  Dow Corn ing DC-11 s i l i c o n e  

grease i n  t h e  r o o t  area. T h i s  was t o  p revent  m o i s t  a i r  f rom g e t t i n g  i n t o  

t h e  f a t i g u e  crack,  b u t  s i n c e  i t  k e p t  a i r  f r o m  t h e  r o o t ,  a d d i t i o n a l  e f f e c t s  

r e s u l t e d .  I t  was f i r s t  determined t h a t  t h e  grease increased t h e  f a t i g u e  

l i f e  by a s i g n i f i c a n t  amount and then i t  was observed t h a t  t h e  inc rease was 

p robab ly  dependent upon the  th ickness  o f  t h e  grease c o a t i n g .  

repeatab le  way of a p p l y i n g  a n e a r l y  un i form th ickness  o f  grease was by squeezing 

The most >. 
t h e  excess grease away w i t h  one 's  f i n g e r .  

l a s t  s e t  t e s t e d  by one t e c h n i c i a n  so t h q t  some u n i f o r m i t y  e x i s t e d .  

ehe grease was very v iscous,  t h e  v i b r a t i o n  l e v e l s  were h i g h  enough t o  cause 

t h e  grease on the  t o p  s u r f a c e  t o  puddle i n  t h e  h o r i z o n t a l  p o r t i o n  o f  t h e  beam 

T h i s  was done f o r  a l l  beams o f  the  

Al though 



, .  ' .  

root run o u t .  

t o  col lect  on the vertical  pertain of the beam root r u n  o u t .  

unsymmetrical coating, no preferential surface for  crack in i t i a t ion  was 

n o t i  ced. 

On the bottom surface, the puddling caused an excess of grease 

Despite th i s  

I 
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APPENDIX E 

MEASUREMENT TECHNIQUES 

The importance o f  accurate amp1 i tude measurement can be gained by observing 

t h a t  a - t3% e r r o r  i n  a s t ress  measurement on a m a t e r i a l  w i t h  a b = 7.8 w i l l  

r e s u l t  i n  a ~ 2 6 %  change i n  mean l i f e .  I f  t h i s  measurement e r r o r  i s  a random 

e r r o r ,  then the  i r iherent  f a t i g u e  l i f e  s c a t t e r  w i l l  be superimposed on t h i s  measure- 

ment s c a t t e r  t o  produce an even l a r g e r  s c a t t e r  o f  specimen l i v e s .  

t h a t  the  one sigma e r r o r  i n  s t ress  measurement f o r  t h i s  p r o j e c t  was about - +3.5%. 

It i s  est imated 

Two ways o f  measuring beam r o o t  s t ress  were considered. The most d i r e c t  * 
means was t o  s t r a i n  gage the  p o i n t  o f  h ighes t  s t ress  and mon i to r  i t  dur ing  t h e  

t e s t .  Th is  was found t o  be imprac t i ca l .  The gages which were smal l  enough t o  

f i t  i n  t h e  req ion  o f  h igh  s t ress  f a i l e d  due to :  

( 1 )  

( 2 )  

( 3 )  

Fat igue o f  the  l e a d  i n  wi res a t  the  j u n c t i o n  o f  the  gage. 

F a i l u r e  o f  t h e  bond between t h e  gage arid the  beam. 

Fat igue o f  t he  f o i l  gages. 

The mean l i f e  o f  t he  gages tes ted  were so much s h o r t e r  due t o  t h e  above 

f a i l u r e s  t h a t  t h a t  approach was abandoned. 

s t ress  i s  i nvo l ved  i n  t h e  second approach. 

A more i n d i r e c t  means o f  measuring 

Based on the  assumption t h a t  t h e  

beam d e f l e c t i o n  curve i s  t he  same i n  the  immediate reg ion  o f  resonance, the r a t i o  

o f  beam t i p  d e f l e c t i o n  t o  beam r o o t  s t r e s s  shoulld be a constant .  Th is  approach 

i s  i m p l i e d  i n  the  ana lys i s  i n  t h a t  t h e  s i n g l e  degree o f  freedom model has a 

constant  s t ress  d e f l e c t i o n  r a t i o .  S t r a i n  gaged specimens were v i b r a t e d  w i t h  the  

t i p  mot ion measured by an accelerometer and t h e  assumption o f  a cons tan t  r a t i o  

was found t o  be t rue .  

' The f i r s t  at tempt t o  mon i to r  t i p  mot ion wa!j w i t h  an accelerometer.  The 

problems which occurred w i t h  t h i s  approach were: 
' 

(1) Excessive connector and cab le  f a i l u r e  a t  t i p  mot ions o f  400 t o  600 9 ' s .  



( 2 )  The l e n g t h  o f  c a b l e  was c r i t i c a l  i n  de termin ing  beam resonance i n  t h e  

undamped s t a t e .  

( 3 )  The problem o f  s w i t c h i n g  a l l  t h e  m o n i t o r i n g  accelerometers t o  one a m p l i f i e r .  

The second a t t e m p t  t o  measure t i p  m o t i o n  was by t h e  use o f  a c a p a c i t y  t ransducer .  

The sensing c a p a c i t o r  c o n s i s t e d  o f  one s i d e  o f  t h e  end mass o f  t h e  beam t i p  

s e p t r a t e d  by an a i r  qap from t h e  o t h e r  p l a t e  o f  t h e  c a p a c i t o r  which was mounted t o  

t h e  f i x t u r e  by an i s o l a t o r  pos t .  

s i z e  as t h e  s i d e  o f  t h e  end mass o f  t h e  beam t i p .  

c i r c u i t  a t  t h e  a m p l i f i e r  i n p u t  were i n s u l a t e d  and s h i e l d e d .  

c a p a c i t o r  was about 1 /3  Duf. Dur ing v i b r a t i o n ,  t h e  change o f  capactance was about 

1/10 uuf f o r  h i g h  g l e v e l s .  

The f i x t u r e  s i d e  o f  t h e  c a p a c i t o r  was o f  t h e  same 

Leads f rom t h e  two sur faces  t o  a 

The s i z e  o f  t h e  sensing 
0 

A 
C = 6 / d  where C i s  capaci tance,  A i s  p l a t e  area, d i s  t h e  p l a t e  

The change i n  A ( s i d e  o f  t h e  beam end mass) i s  s e p a r a t i o n  and d i s  a cons tan t .  

p r o p o r t i o n a l  t o  t h e  change i n  capactance. I f  A i s  r e c t a n g u l a r ,  dc/dt = V where 

V i s  t h e  r e l a t i v e  v e l o c i t y  o f  t h e  beam t i p  w i t h  r e s p e c t  t o  t h e  f i x t u r e  p l a t e .  

smal l  d e f l e c t i o n s  t h e  t i p  m o t i o n  o f  t h e  beam i s  n e a r l y  v e r t i c a l  and t h e  change i n  

capac i tance i s  p r o p o r t i o n a l  t o  t h e  t o t a l  d isp lacement  o f  t h e  beam t i p .  A t  l a r g e  

d isp lacements,  t h e  beam t i p  moves t h r u  a n e a r l y  c i r c u l a r  a r c  so t h a t  t h e  t o t a l  

a c c e l e r a t i o n  a t  t h e  extreme swing o f  t h e  beam has a h o r i z o n t a l  and v e r t i c a l  component 

o f  mot ion.  The chanqe i n  r e l a t i v e  area o f  t h e  two p l a t e s  i s  n o t  p r o p o r t i o n a l  t o  

a c c e l e r a t i o n  o f  t h e  beam t i p  f o r  l a r g e  d isp lacements w i t h  t h e  o u t p u t  o f  t h e  c a p a c i t y  

probe read ing  l e s s  a t  l a r g e  d e f l e c t i o n s  than an accelerometer  l o c a t e d  on t h e  beam 

t i p .  

For  

Another d i s t o r t i o n  which i s  l i k e l y  t o  occur  w i t h  t h i s  t y p e  o f  c a p a c i t y  probe i s  

a f requency d o u b l i n g  e f f e c t .  When t h e  p l a t e s  o f  t h e  sensing c a p a c i t o r  a r e  m u t u a l l y  

cen tered  a t  t h e  r e s t  p o s i t i o n ,  two c y c l e s  o f  c a p a c i t y  chanqe o c c u r  f o r  one c y c l e  o f  

mechanical  mot ion.  By o f f s e t t i n g  t h e  p l a t e s  o f  t h e  sensing c a p a c i t o r  somewhat more 
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than the maximum expected displacement o f  the  beam t i p ,  one c y c l e  o f  capac i ty  

change r e s u l t s  from one cyc le  o f  mechanical mot ion.  

s e n s i t i v i t y  o f  the  t ransducer  t o  about 60% o f  t h a t  i n  i t s  centered p o s i t i o n .  

The o f f s e t  reduces the  

The most severe type of d i s t o r t i o n  r e s u l t e d  from n o n - p a r a l l e l  mot ion o f  t he  

two p la tes  o f  the  sensinq capac i to r .  

every beam so no v a r i a t i o n  o f  gap w id th  occurred dur inq  a c y c l e  o f  mot ion.  

can be shown t h a t  the  e r r o r  component o f  t h e  s iqna l  due t o  chanqes i n  the  qap 

d is tance r e s u l t s  i n  harmonic d i s t o r t i o n .  This  d i s t o r t i o n  can be e l im ina ted  by 

f i l t e r i n g  ou t  t he  harmonics w i t h  a low pass f i l t e r  b u t  the  frequency response 

i s  adverse ly  e f f e c t e d  by the  f i l t e r  response. 

bandpass f i l t e r  w i t h  a very f l a t  peak was the  bes t  means o f  removing the  harmonic 

d i s t o r t i o n  b u t  t h i s  was unava i lab le  t o  the  p r o j e c t .  

reduced t o  n e g l i q i b l e  l e v e l s  by i nc reas ing  the sensing capac i to r  gap. The 

ampl i tude o f  the  e r r o r  components o f  the  s igna l  a re  i n v e r s e l y  p r o p o r t i o n a l  t o  

the  square o f  the gap dimension w h i l e  t h e  s igna l  l e v e l  due t o  p a r a l l e l  mot ion i s  

i n v e r s e l y  p r o p o r t i o n a l  t o  the  gap dimension. 

creas ing t h e  gap s i ze .  

t h e  f r i n g i n q  e f f e c t  o f  t he  e l e c t r o s t a t i c  f i e l d  a t  t he  edge o f  t h e  capac i to r .  

It was p r o h i b i t i v e l y  d i f f i c u l t  t o  a l i q n  

I t 

'0 
Pn e l e c t r o n i c  automat ic  t r a c k i n g  

The harmonic d i s t o r t i o n  was 

The e r r o r  can then be reduced by i n -  

Not o n l y  does t h i s  reduce the  s igna l  l e v e l  b u t  i t  increases 

The capac i ty  var ia t ion;  due t o  changes i n  t h e  d i e l e c t r i c  cons tan t  o f  t h e  a i r  

i s  n e g l i g i b l e  s ince  the  v a r i a t i o n  i n  d i e l e c t r i c  constant  between a i r ,  water  vapor 

and a vacuum a re  n e q l i q i  b l y  smal l .  

Pl thouqh the  ou tpu t  o f  t he  capac i ty  t ransducer  i s  p r o p o r t i o n a l  t o  the  

r e l a t i v e  displacement which the  two p l a t e s  o f  t he  sensing capac i to r  experience, 

i t  i s  a l s o  n e a r l y  p r o p o r t i o n a l  t o  the  absolute acce le ra t i on  o f  t h e  beam end mass. 

This  i s  most e a s i l y  shown by the quat ions  o f  mot ion o f  t he  beam end mass. 
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E-1 

I n  the  case o f  t h e  undamped b e a m s , C U U k a n d  can be neglected.  

E-2 j :  = -an 2 (y -x )  

The constant  o f  p r o p o r t i o n a l i t y  i s  t he  square o f  t h e  resonance i n  rad ians,  

b u t  i t  i s  a l so  ev iden t  t h a t  t he  equat ion i s  n o t  frequency s e n s i t i v e .  The 

r e l a t i v e  displacement o f  beam t i p  i s  propor t ion la l  t o  the  acce le ra t i on  f o r  a l l  

f requencies.  Since t h i s  i s  a r e s u l t  o f  assuming a s i n g l e  degree o f  freedom, t h e  
@ 

actua l  specimen might  n o t  be a good accelerometer.  

t he  ou tpu t  o f  an accelerometer on the  beam t i p  was moni tored s imul taneously  w i t h  

A t e s t  was cons t ruc ted  i n  which 

the  capac i t y  t ransducer .  Th is  was a s inuso ida l  sweep t e s t .  From 100 cps t o  

800 cps the  undamped beam's r e l a t i v e  displacement was p r o p o r t i o n a l  t o  acce le ra t i on .  

Above 800 cps i t  i s  considered t h a t  t he  beam began t o  bend i n  i t s  second mode 

shape. 

can be est imated. The c o e f f i c i e n t  c/m i s  i d e n t i c a l  t o  YQ. The va lue o f  

(i - ;)max i s  0 ( y  - x ) ~ ~ ~  b u t  t he  maximum v e l o c i t y  value l ags  the  maximum 

d i s p l a c e m e n t  v a l u e  by m/Z. 

I n  the case o f  the  damped beam wi th  a 0 o f  20, the  e f f e c t  o f  t h e  damping 

T h i s  can b e  r e p r e s e n t e d  by l e t t i n g  ($ - = - iw(y-x)max.  

Equat ion E-1 now becomes: 

For. the case a t  resonance, t h e  va lue o f  , i s  G)?, and E-3 becom 

The abso lu te  magnitude o f  t h e  acce le ra t i on  i s :  

E- 3 

S :  

E-4 
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E- 5 

I t  can be seen t h a t  as Q becomes l a r g e  (Q>10)  the  damping e r r o r  i s  n e g l i g i b l e .  

The damping term was c a l c u l a t e d  from equat ion E-3 f o r  a range o f  0 ' s .  

damping e r r o r  i s  i n s i g n i f i c a n t  f o r  t h e  range o f  

used i n  t h i s  p r o j e c t .  

t ransducer  measures acce le ra t i on  o f  t h e  beamband t h a t  once a c a l i b r a t i o n  has 

been made a t  one frequency, i t  i s  good f o r  a l l  f requencies and Q ' s  used i n  

t h i s  p r o j e c t .  

The 

frequencies and range o f  0 ' s  

The r e s u l t  o f  t h i s  ana lys i s  i s  t h a t  t h e  capac i t y  

0 

The c a l i b r a t i o n  was performed by us ing  equat ion E-2. An accelerometer 

was f i x e d  t o  the  beam t i p  and v ib ra ted .  

i n p u t  o f  t he  t a b l e  was kept  a t  a f i x e d  low l e v e l .  

mounted accelerometer was measured along w i t h  t h e  vo l tage ou tpu t  o f  capac i t y  

t ransducer .  The accelerometer was nex t  removed and the  beam v i b r a t e d  w i t h  

The resonance was found w h i l e  t h e  

The ou tpu t  o f  t he  t i p  

a a i ven  t a b l e  i n p u t .  

t ransducer  was measured a t  reasonance. 

equat ion  w i t h  a1 1 terms desc r ib ing  t h e  c a l i b r a t i o n  run  w i t h  t h e  accelerometer 

on t h e  beam t i p  and having a s u b s c r i p t  o f  1 on a l l  terms. 

w i l l  have a l l  terms de f ined except f o r  7 which can then be solved. 

i n  the  t e s t  run  w i t h  no accelerometer on t h e  t . ip w i  11 have a s u b s c r i p t  o f  2. 

The resonance was measured and the  ou tpu t  o f  t he  capac i t y  

Equat ion E-2 can be w r i t t e n  twice,  one 

The second equat ion  

A l l  terms 

E-6a 

E-6b 
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The approximation has been made t h a t  $-= 1 1 . -  

The value of y,, can be found  then. 
L 

E-7 

Relative displacement (y - x ) ~  i s  proportional t o  the capacity transducer output 

wi th  no accelerometer and (y - x ) ~  i s  proportional t o  the capacity transducer 

w i t h  accelerometer. 

resonance region ( f n l &  f 4  f n z ) ,  the proportionality constant i s  the same f o r  

both cases and (y  - x )  can be replaced by Vc; the voltage output of the capacity 

transducer. 

I f  the amplifier has a f l a t  frequency response i n  the beam 

This calibration was checked a t  low levels against a s t r a in  gage output 

which measured the roo t  s t r e s s .  

d i rec t ly  proportional to  root s t r e s s .  The resu l t  was that  the strain measurements 

agreed t o  within 2% of that  predicted by the calibration procedure j u s t  described. 

I t  also checked the assumption t h a t  t i p  motion was 

The amplifier used i n  the capacity transducer was the major problem of the 

The requirements fo r  the amplifier a re  tha t  the sens i t i v i ty  had t o  be prcject .  

i n  the range o f  '100 volts per peco farad w i t h  a f l a t  frequency response (51% from 

200 cps t o  500 cps) and w i t h  a good amount of s t a b i l i t y  w i t h  respect t o  l i ne  

voTtage fluctuations,  temperature changes and long duration d r i f t .  I n  addition 

i t ' could  not be microphonic. 0 
The f i r s t  amplifier was a commercial FM tuner w i t h  high quali ty components 

and  several extra a u d i o  stages t o  get the required sens i t iv i ty .  

for  the following reasons: 

I t  was abandoned 

(1 ) Crit ical  tuni ng procedure 

( 2 )  Microphonic components i n  the amplifier and cabling which produced 

capacity changes under h i g h  g loading 



A second FM t une r  was b u i l t  i n  an at tempt  t o  ge t  g rea te r  ga in  and b e t t e r  

I t  d i d  no t  f unc t i on  s a t i s f a c t o r i a l l y  and was abandoned. performance. A t h i r d  

a m p l i f i e r  was b u i l t  on the  p r i n c i p l e  o f  a capac-ity microphone. 

o f  the  f a u l t s  o f  t he  FM tuner  bu t  i t s  g rea tes t  f a i l i n g  was i n s u f f i c i e n t  ga in.  

It e x h i b i t e d  some 

The system which was f i n a l l y  used i s  considered t o  be a new a p p l i c a t i o n  f o r  

the  charge a m p l i f i e r .  A diagram i s  presented t o  show t h e  f u n c t i o n  o f  t he  f i n a l  

capac i ty  transducer. 

R 

FIGURE E-) 
The beam has t o  be i n s u l a t e d  f rom t h e  f i x t u r e  as does t h e  f i x e d  capac i to r  

p l a t e .  

f i e l d  changing the  assumed ground vo l tage a t  t he  beam. 

from t h e  console b u t  i s  l oca ted  a t  a convenient d is tance from t h e  shaker. 

most impor tant  p o r t i o n  o f  the circuit  i s  t h e  b i a s  box which contains a 1000 M a  

b ias  r e s i s t o r  w i t h  200 v o l t  DC source. Because o f  t he  low d ra in ,  one s e t  o f  

th ree  66 v o l t  d ry  c e l l  b a t t e r i e s  l a s t e d  t h r u  t h e  t e s t  program. The coup l ing  

capac i to r  i s  a .02 u f  capac i to r  w i t h  a 250 v o l t  DC b ias .  

r e s i s t o r  i s  more c r i t i c a l  than t h e  o t h e r  components. 

t h e  r e s i s t o r  enclosed and c lean t o  prevent  sur face conduction. 

i s  near the  upper l i m i t  f o r  discharge across the  a i r  gap o f  t he  capac i to r .  

s e n s i t  v i t y  i s  p ropor t i ona l  t o  t h e  vo l tage b ias.  

t he  DC vo l tage from reaching t h e  i n p u t  t r a n s i s t o r  o f  the  charge a m p l i f i e r .  

z e n e r .  fuse prevents l a r g e  vo l tage sp ikes 

F a i l u r e  t o  do t h i s  r e s u l t s  i n  eddy cur ren ts  generated by t h e  shaker magnetic 

The swi tch  box i s  operated 

The 

The va lue o f  t h e  

It i s  impor tan t  t o  keep 

0 

The DC vo l tage 

The 
I 

The coup l ing  capac i to r  prevents 

The 

from damaging t h e  input t r a n s i s t o r .  
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I n  handling the specimen i t  i s  possible t o  accidently short the sens ng capacitor 

w i t h  one; hand.  

w f 1 7  n o t  resul t  i n  injury to  the operator; b u t  a 200 volt drop occurs on the 

h i g h  voltage side of the coupling capacitor. 

s ide of the coupling capacitor i s  enough t o  f a i l  the i n p u t  t rans is tor .  

fuse i s  made u p  of 1.3 volt  t r igger  level zeners i n  two parallel  shunts each 

I n  operation a -10 volt  

The large bias res i s tor  l imits  current t o  about .2 L a m p s  which 

The result ing -200volts on the negative 

The zener 

consisting of two back to  back or front t o  f ront  zeners. 

spike appears on the i n p u t  t o  the charge amplifier when the sensing capacitor i s  

shorted out. The reason for  two parallel  fuses i s  r e l i ab i l i t y  i n  the event o f  the  

fai;ure of one of the zeners. 

higher than any expected signal level and the impedance i s  l inear  in the range 

of - +1.3 volts.  

The t r igger  level of 1.3 volts i s  suf f ic ien t ly  

An a l ternate  bias box was bu i l t  which made i t  possible to  use the charge 

amplifier as a dynamic s t r a i n  measuring device. This was developed when i t  was 

found that  s t r a in  gages could be mounted higher on the root radius and l a s t  f o r  

the duration of a t e s t .  T h i s  became feasible  when measurements showed tha t  the 

s t r e s s  a t  the top of the radius, although much less ,  was proportional t o  the 

s t r e s s  a t  the h ighes t  s t r e s s  point in the beam root. 

when the capacity transducer was successful b u t  t h i s  s t r a in  measuring device 

had' the following advantages: 

Development was dropped 

( 1 )  I t  did not require a bridge balancing c i r c u i t  

' ( 2 )  I t  d i d  no t  have zero d r i f t  problems associated w i t h  DC amplifiers. 

, ( 3 )  I t  was very sensit ive.  Strains as low as a few micro inches were 

measured. 

I t  could be used w i t h  simple switching c i rcu i t ry  so tha t  many s t r a i n  

gages could be sequentially monitored1 on one charge amplifier. 

(4) 

The c i r c u i t  i s  shown i n  F ig .  e 2 and the values of the c i r c u i t  component are: 
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1 . .- 
( 1 )  Bias res i s tor  i s  same value as strain gage 

( 2 )  Bias voltage i s  twice the recommended voltage for  the s t r a i n  gage. 

( 3 )  Once the amount of charge per strain r a t io  i s  decided, the value of 

4, the coupling capacitor i s  determined by the equation: 

a where G . F .  i s  strain gage factor  and Eo i s  thle bias voltage. 

The transducer amplifier had the following advantages over the e a r l i e r  type: 

(1)  The lead length can be made as long as i s  necessary. 

charge amplifier i s  located i n  the shaker console, therefore avoiding 

the problem of microphonic dis tor t ion.  

The charge amplifier i s  basically a h i g h  gain amplifier and  therefore 

has the desired sens i t iv i ty  without having to  add more stages. 

I t  i s  more s table  w i t h  respect t o  temperatur changes, l ine  voltage 

regulation and  l o n g  term d r i f t  t h a n  the FM tuner. 

f a i lu re  i n  the f i e l d  vibration t e s t  is  the only one of t h a t  system known 

t o  have occurred. 

a f t e r  turning on the amplifier. 

Usually the 

( 2 )  

( 3 )  

The instrumentation 

Some d r i f t  in gain usually occurs for  a b o u t  2 hours 

The frequency measurements a re  more s t r a igh t  forward than the amplitude 

0 measurements. 

counter. 

differences in measurement. 

checked against a frequency standard a t  100,000 cps. 

For sine dwell t e s t s  the osc i l l a to r  output is  fed t o  a frequency 

That counter i s  checked against a second counter t o  check for  any 

If  any difference ex i s t s ,  then both  counters a re  

For sinusoidal sweep t e s t s  

the procedure fo r  measuring resonance i s :  

(1 ) Make frequency marks on the osci 1 lographi c traces corresponding t o  

markings on the osci 1 l a to r  frequency d ia l .  This i s  a manual procedure 
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where the operator presses a margin marker b u t t o n  as a frequency mark 

on the osc i l l a to r  dial passes a pointer. 

and down in frequency. 

The true frequency corresponding to  the osc i l l a to r  dial  marking i s  

measured w i t h  a frequency counter. 

oscillographic t race i s  estimated by interpolation from the corrected 

frequency markings. 

The average of a l l  measured resonances for  one specimen i s  taken to  

compensate fo r  s t a t i s t i c a l  error .  

The sca t t e r  depends on operator sk i l l .  

This is done fo r  sweeps up 

(2) 

The resonant frequency from each 

( 3 )  

Most of the t e s t s  on t h i s  project 

had a 2 t o  3 cps sca t te r .  

In the random t e s t , t h e  resonance i s  measured frow the spectral  analysis of a 

tape loop specimen. 

greater  e r ro r  due t o  the following reasons: 

The resonant frequency check here i s  most l ike ly  t o  have a 

( 1 )  Tape loop may stretch 

( 2 )  Tape speed may vary. The loop i s  recorded on one machine and replayed 

on another. 

Due to  the short  sample time and the reliance on making measurements 

from one sample, the s t a t i s t i c a l  mean frequency may vary from the true 

mean (or resonant) frequency for the test .  

( 3 )  

The frequency marker on the spectral analyzer i s  checked a t  60 cps and 1250 cps 

prior t o  the analysis. 

The acceleration standard which was used t o  cal ibrate  the system i s  checked 

a t  the Endevco Corp. every s ix  months. 

cal ibrat ion by as much as - +5% between checks. 

I t  i s  estimated t h a t  i t  could be out of 

A secondary company standard i s  

ca’librated just a f t e r  the primary standard returns from cal ibrat ion.  

separate power supply a n d  read out which  comprise a system tha t  i s  not a l tered 

Both have a 

between calibrations.  Periodic checks’are made between the two standards and a t  



low- frequencies w i t h  a microscope. 

300 cps using one o f  the company’ standards. 

Two working accelerometers are ca l i b ra ted  a t  

One accelerometer monitors t a b l e  

l e v e l .  The second, an Endevco 2221 accelerometer i s  ca l i b ra ted  and i s  used i n  turn 

t o  ca l  i brate the capaci ty transducer. 

The output o f  the capacity transducer was measured on a t r u e  rms voltmeter. 

I t  was no t  possible t o  keep one meter f o r  t h i s  p ro jec t  due t o  check out  and 

c a l i b r a t i o n  procedure w i t h i n  the company. 

obtained f o r  exclusive use o f  the v i b r a t i o n  lab: This was modif ied so t h a t  the 

meter movement could be h i g h l y  damped. 

One Ba l l en t i ne  320A t r u e  rms meter was 

The damping capaci tors had a t o t a l  shunt 
0 

capaci ty o f  .072 farad. This high capaci ty was necessary because o f  the low 

resistance o f  the meter. The t o t a l  t ime constant was on the order o f  45 sec t o  

1 minute. 

was 2 minutes. 

For random t e s t s  the t ime allowed f o r  the meter t o  come t o  equ i l i b r i um 

Usually no reading was made u n t i l  the meter began t o  f l u c t u a t e  

about some mean voltage. The f l u c t u a t i o n  over a several minute per iod var ied 

about - +5%. The mean o f  the f l u c t u a t i o n  was estimated by eye over about a 30 

second per iod a f t e r  the end of the two minute equ i l i b r i um time. 

were made throughout the random t e s t  t o  determine any change i n  Q. 

Repeated readings 

The peak count measurements were made om a counter which was modif ied f o r  

t h i s  p ro jec t .  The threshold l e v e l  was s e t  b,y t h i s  procedure: 

A p rec i s ion  o s c i l l a t o r  i n  p a r a l l e l  w i t h  the counter and a peak reading 

meter was se t  t o  produce a s ine s ignal  o f  the same frequency and a t  a 

peak l e v e l  which was desired f o r  the threshold. 

the counter was an ampl i f ier .  

The f i r s t  stage o f  

The gain was changed u n t i l  the counter 

began t o  r e g i s t e r .  The s ignal  was then played i n t o  the counter and 

the measurement made f o r  t h a t  threshold. There was a reac t i on  time 

f o r  t h i s  counter f o r  which the s ignal  durat ion had t o  exceed a t  a 

given l e v e l  before a count would reg i s te r .  Therefore the o s c i l l a t o r  

had t o  be se t  a t  approximately the same frequency as the s ignal  t o  se t  

the threshold l eve l .  
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APPENDIX  F 

TEST SPECIMEN 

Th is  s e c t i o n  b r i e f l y  desc r ibes  t h e  specimen, t h e  s t r e s s  a t  t h e  f a i l u r e  r e g i o n  

and i t s  f a t i g u e  c h a r a c t e r i s t i c s .  

The specimen i s  shown i n  f i g u r e  F-1 . I t i s  machined f rom 6061T6 aluminum 

e c o l d  r o l l e d  1 1/2" t h i c k  p l a t e .  Each s e t  o f  specimens was a l i g n e d  s i m i l a r l y  w i t h  

r e s p e c t  t o  t h e  g r a i n  and t h e  same m a c h i n i s t  machined each specimen o f  one s e t .  

s p e c i a l  e n d m i l l  c u t t e r  was made f o r  machining t h e  beam r o o t  r e g i o n  and end r u n  o u t  

r e g i o n .  Success i ve l y  l i g h t e r  c u t s  were made u n t i l  t h e  dimensions were w i t h i n  

t o l e r a n c e .  T h i s  reduced the  tendency o f  l a r g e  r e s i d u a l  s u r f a c e  s t r e s s e s .  To 

produce a smooth s u r f a c e  i n  t h e  f a i l u r e  reg ion ,  t h e  r o o t  was p o l i s h e d  w i t h  a rouge 

impregnated c l o t h  f i t t e d  t o  a r o t a t i n g  mandrel .  

o f  t h e  specimen a f t e r  which each was s t o r e d  i n  a p l a s t i c  bag. 

A 

The f i n a l  process was t h e  degreasing 

No p o s t  machin ing hea t  t rea tmen t  was performed and t h i s  i s  one c r i t i c i s m  o f  

t h e  specimen. The machining and p o l i s h i n g  undoubtedly induced s u r f a c e  s t r e s s e s  

b u t  these  were n o t  r e l i e v e d  by annea l i ng  and f u r t h e r  hea t  t r e a t m e n t .  The g r a i n  

s t r u c t u r e  i n  t h e  r o o t  r e g i o n  i s  c h a r a c t e r i s t i c a l l y  en loga ted  i n  t h e  l o n g i t u d i n a l  

d i r e c t i o n  ( f i g u r e  F-2 _- - ) so some r e c r y s t a l l i z a t i o n  p robab ly  d i d  occu r  due t o  

p o l i s h i n g .  

a t  l e s s  than 200°F which i s  t o o  low f o r  any annea l i ng .  Hardness t e s t s  were 

performed as l o n g  as s i x  months a f t e r  f a b r i c a t i o n  w i t h  no change i n  hardness noted 

( va lues  were i n  t h e  upper T-6 range w i t h  no d i f f e r e n c e  no ted  between t h e  r o o t  r e g i o n  

and t h e  unpo l i shed  r e g i o n ) .  

so t h a t  i t  can be assumed t h a t  t h e  e f f e c t  on t h e  f a t i g u e  l i f e  o f  t h e  sur face 

0 The temperature a t t a i n e d  d u r i n g  p o l i s h i n g  and degreasinq was e s t i r r i a t e d  

No excess i ve  s c a t t e r  was no ted  i n  t h e  f a t i g u e  curves 



t r ea tmen t  was f a i r l y  u n i f o r m  ove r  a s e t  o f  specimens. 

s t o r e d  i n  o i l  which i s  a s tandard  f a t i g u e  t e s t  p r a c t i c e .  r40 adverse e f f e c t s  

were n o t i c e d  due t o  t h i s  t ype  o f  s to rage .  Dur ing  t e s t i n g  t h e  r o o t  r e g i o n  o f  t h e  

l a s t  two s e t s  o f  beams was coated w i t h  s i l i c o n e  grease t o  p reven t  m o i s t u r e  f rom 

e n t e r i n g  t h e  c rack .  Th is  c o a t i n g  reduced t h e  a i r  c o r r o s i o n  o f  t h e  c rack .  I t  

was necessary t o  o b t a i n  S-N curves f o r  t h e  specimens o f  each s e t  s i n c e  t h e  

v a r i a t i o n s  inmachining and raw m a t e r i a l  c o u l d  l e a d  t o  poor  r e p e a t a b i l i t y  o f  t h e  

S-N curves.  

The specimens were n o t  

The f a t i g u e  crack formed i n  t h e  c e n t e r  o f  t h e  r o o t  r e g i o n  o f  t h e  beam. The 

specimen i s  more a p l a t e  than beam and t h e r e f o r e  t h e  maximum s t r e s s  a t  t h e  c e n t e r  

h i g h e r  than 

notches t o  the  specimen, t h e  s t r e s s  g r a d i e n t  i n  t h e  r o o t  r e g i o n  became ve ry  

t h a t  a t  t h e  edge o f  t h e  beam. Whet- i t  became necessary t o  add s i d e  

d is . !or ted.  The notches were v a r i e d  u n t i  1 t h e  sa.me c rack  c o n f i g u r a t i o n  dccu r red  

as b e f o r e  t h e  notches were added. A photo e l a s t i c  s tudy  was made o f  t h e  beam r o o t  

w i t h  notches and appears i n  f i g u r e  F-3  . Al though t h e  h i g h e s t  s t r e s s  occurs 

c l o s e  t o  t h e  edge o f  t he  beam t h e  g r a d i e n t  here i s  very  h i g h  w h i l e  t h e  s t r e s s  i s  

more u n i f o r m  i n  t h e  c e n t r a l  r e g i o n  o f  t h e  r o o t  r e g i o n .  I t  i s  b e l i e v e d  t h a t  t h e  

f i r s t  cracks form a t  t h e  h i g h  s t r e s s  p o i n t s  and propagate i n w a r d l y  t o  t h e  c e n t r a l  

p o r t i o n  o f  t h e  beam. Outwardly p ropaga t ing  cracks a r e  stopped by t h e  s teep e - 
n e g a t i v e  s t r e s s  g r a d i e n t .  

I n  t h e  specimens used i n  t h i s  p r o j e c t , t h e  crack began t o  e n l a r g e  s i g n i f i c a n t l y  

a t  about .6 t o  . G  t o t a l  damage. I t was assumed t h a t  t h e  c rack  which r e s u l t e d  i n  

f a i l u r e  d i d  n o t  propagate i n d i v i d u a l l y  b u t  t h a t  many smal l  c racks (which had t h e  

h i g h e s t  d e n s i t y  i n  t h e  h i g h  s t r e s s  r e g i o n )  l i n k e d  t o g e t h e r  t o  form one l a r g e  crack.. 

/ 
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Several micro graphs were taken o f  the f a i l u r e  region of a f a i l e d  beam with no s ide  

notches. 

a n d  p l a s t i c a l l y  s t ra ined  t o  open the cracks. 

fatigue crack changing direct ion a t  a g r a i n  bclundry. The second picture  shows a 

high density of cracks running paral le l  t o  the f ina l  f a i l u r e  crack ( t h e  specimen 

was fractured manual ly  a f t e r  f a i l i n g  in a t es t . ) .  This was a t  the central  portion 

of the beam where the highest s t resses  occurred. The t h i r d  p icture  shows two 

I n  f igure F-2 --__ the cracks a re  shown a t  140X a f t e r  they have been etched 

The f i r s t  picture  shows a typical 

0 
smaller cracks in the process of linking together about 1 mm from the f ina l  

f a i l u r e  crack. 

of damage ( i n t e r c r y s t a l  damage, micro crack, and macro crack) a re  separated t o  

some degree. If  the f i r s t  phase of damage ~ O E ! S  l a s t  f o r  about . 4  to ta l  damage 

then the hypothesis t h a t  recovery due t o  relaxation during an interrupt ion seems 

reasonable since no s igni f icant  cracks have formed. 

These micro graphs tend t o  confirm the hypothesis t h a t  the phases 

A d i f f e r e n t  configuration of s t r e s s  r i s e r  was t r i e d  which incorporated 1/8"  

diameter hole dr ; l led  transversely a t  the center of the r o o t .  The s t r e s s  gradient 

around the hole was so great  t h a t  a crack was s t a r t e d  almost immediately. 

crack propagated very slowly. 

crack t i p  was low, no small cracks were present which would l i n k  w i t h  the large 

crack. 

r i s e r  a t  the t i p  o f  the crack i t  propagated more slowly t h a n  i n  the normal beams. 

This i s  an ind i rec t  additional ver i f ica t ion  t h a t  the f inal  f a i l u r e  crack d i d  

propagate by linking of smaller crakcs in the normal beams. 

This 

I t  was pres'umetj. t h a t  s ince the s t r e s s  ahead o f  the 

Therefore since the only mechanism of crack propagation was the s t r e s s  a 
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APPENDIX G 

ANALYSIS OF DATA 

T h i s  s e c t i o n  c o n t a i n s  t h e  data,  t h e  manner i n  which t h e  data was reduced, some 

o f  t h e  reasons f o r  t h e  p a r t i c u l a r  form o f  r e d u c t i o n  and some conc lus ions  based on 

data reduc t ion .  Resu l ts  o f  t e s t s  i n v o l v i n g  t h e  f i r s t  c a p a c i t y  probe a m p l i f i e r  a r e  

i n  general  o m i t t e d  because o f  i t s  poor performance. The one e x c e p t i o n  i s  t h a t  data 

f rom t h e  s i n e  dwe l l  t e s t s  ob ta ined w i t h  t h i s  a m p l i f i e r  i s  used b u t  i t  i s  considered 

v a l i d  f o r  these reasons: 

0 ( 1 )  These t e s t s  were conducted i n  May b e f o r e  t h e  temperature d r i f t  became a 

bad problem. 

( 2 )  She c o r r e l a t i o n  t e s t s  a r e  normal ly  mult ibeam t e s t s ,  b u t  s i n c e  t h i s  t e s t  i s  

a resonant  d w e l l  t e s t  and each beiim has a d i f f e r e n t  resonance, a t e s t  must be r u n  

f o r  each beam s e p a r a t e l y .  

a mult ibeam t e s t  a l l  i n  one d i r e c t i o n  would p robab ly  vary  f rom one t e s t  t o  another  

so t h a t  t h e  o v e r a l l  e f f e c t  o f  t h e  d r i f t  f o r  severa l  t e s t s  i s  an inc rease i n  s c a t t e r .  

For  a l l  mul t ibeam t e s t s  i t  i s  necessary t o  t a k e  t h e  da ta  f rom each beam and 

There fore  t h e  d r i f t  which would skew t h e  r e s u l t s  o f  

reduce t h i s  da ta  s e p a r a t e l y  t o  account f o r  t h e  d i f f e r e n t  f n  and C) o f  t h e  i n d i v i d u a l  

beams. 

range i n  damages of about 20 t o  1 t o  occur  i n  t h e  specimens f o r  one mult ibeam t e s t .  

I f  t h e  da ta  r e d u c t i o n  i s  performed w i t h  c o n s i d e r a t i o n  taken f o r  these i n d i v i d u a l  

d i f f e r e n c e s ,  t h e  range o f  values f o r  p r e d i c t e d  damage a t  a c t u a l  f a i l u r e  becomes about 

The v a r i a t i o n s  i n  f n  and Q f rom beam t o  beam i s  g r e a t  enough t o  cause a 

@ 4 t o l .  c 

For cases where f n  and Q changed d u r i n g  t h e  t e s t ,  some c o n s i d e r a t i o n  o f  

these changes were made i n  t h e  c a l c u l a t i o n s .  I f  t h e  changes i n  Q 

( s t r e s s  changes o f  l e s s  than 5%), then t h e  average va lue  was used 

changes were g r e a t e r  than 5% t h e  t e s t  was broken i n t o  segments i n  

l e v e l  changed l e s s  than 5%. 

and f n  were s l i g h t  

I f  t h e  s t r e s s  

which t h e  s t r e s s  
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An impor tan t  c o n s i d e r a t i o n  which must be taken i n t o  account b e f o r e  any data 

r e d u c t i o n  can be made i s  t h e  d e t e r m i n a t i o n  and c a l c u l a t i o n  of an accura te  

c a l i b r a t i o n .  

reasons innumerated i n  Appendix E, severa l  r e p e t i t i o n s  o f  t h e  p r e t e s t  c a l i b r a t i o n  

a r e  necessary t o  o b t a i n  s t a t i s t i c a l  conf idence i n  t h e  g - l e v e l  t o  v o l t a g e  s e n s i t i v i t y .  

The a m p l i f i e r  used i n  t h e  c a p a c i t y  probe t ransducer  may o c c a s s i o n a l l y  be changed 

o r  some o v e r a l l  w i r i n g  changes made so t h a t  t h e  s e n s i t i v i t y  o f  t h e  t ransducer  w i l l  change. 

I t i s  d e s i r a b l e  t o  use da ta  from a l l  c a l i b r a t i o n s  t o  g e t  an e s t i m a t e  o f  t h e  r e l a t i v e  

s e n s i t i v i t i e s .  

be presented. 

t e s t  which f a i l e d  t o  c o r r e l a t e  w i t h  t h e  p r e d i c t e d  damage. i h i s  i s  presented t o  show 

t h a t  i n s t r u m e n t a t i o n  d r i f t  may have been r e s p o n s i b l e  f o r  t h e  l a c k  o f  c o r r e l a t i o n .  

The data and c a l c u l a t i o n  f o r  one t e s t  a r e  presented here.  Due t o  

The c a l i b r a t i o n  procedure w i l l  be descr ibed and an example w i l l  

T h i s  example was chosen t o  be the  c a l i b r a t i o n  f rom t h e  f i e l d  v i b r a t i o n  

F i v e  r e p e t i t i o n s  o f  t h e  c a l i b r a t i o n  were made. Three were made on one day and t d o  

were made t h e  nex t .  

s e n s i t i v i t y .  

compensations made so t h a t  i t  i s  c o r r e c t  f o r  t h e  resonance o f  t h e  specimen d u r i n q  

Changes were made a f t e r  t h e  f i r s t  day which a f f e c t e d  t h e  

The s e n s i t i v i t i e s  f o r  each beam a r e  presented i n  F i g .  G-1 ,  w i t h  

the  t e s t .  

BEAM 

1 

2 < >  

3 

4 

5 

- 6 

SUM 

I 

Run 1 

1.057 

1 .ooo 

1.580 

.566 

1.230 

.981 

6.414 

Run 2 

1.038 

.990 

1.590 

.577 

1.250 

.960 

6.385 

SENS I T I  V I TY b$$-%) 
Run 3 Run 4 

1.015 .908 

.994 .908 

1.635 1.520 

,559 .544 

1.221 1.140 

.a99 

6.371 5.919 

--I 

947 -- 

FIGURE G-1 

Run 5 

.903 

.833 

1.400 

.511 

1.008 

.803 

5.458 
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The 

t h e  

amp 

f o r  

From t h e  presented data i t  can be seen t h a t  t h e  c a l i b r a t i o n  v a r i e d  f rom beam 

t o  beam w i t h i n  one c a l i b r a t i o n  run.  I f  one assumes t h a t  t h e  f l u c t u a t i o n s  i n  t h e  

s e n s i t i v i t y  o f  one beam between c a l i b r a t i o n  runs a r e  o f  a random nature ,  then 

t h e  sum of a l l  t h e  s e n s i t i v i t i e s  o f  one r u n  should be very  n e a r l y  equal t o  the  

sum from another  run. 

v i b r a t i o n  t e s t ,  t h e  sums o f  t h e  f i r s t  t h r e e  c a l i b r a t i o n  runs do n o t  vary  by more 

than .7%. 

f o r  t h a t  s e t  o f  t h r e e  c a l i b r a t i o n  runs. 

runs were made ( runs  4 and 5 ) .  

i n  an o v e r a l l  decrease i n  s e n s i t i v i t y  which i s  n o t i c e a b l e  i n  t h e  sums o f  runs 

4 and 5. 

t h e  sum o f  r u n  4 was due t o  t h e  s t a b i l i z a t i o n  o f  t h e  a m p l i f i e r  g a i n  s i n c e  r u n  4 

was made j u s t  a f t e r  t h e  a m p l i f i e r  had been tu rned on. 

c o r r e l a t i o n  i n  p r e d i c t e d  damages, i t  i s  now considered probab le  t h a t  t h e  chanqe 

i n  sum o f  runs 4 and 5 was due t o  a m p l i f i e r  d r i f t  which cont inued d u r i n g  t h e  t e s t  

and d i d  n o t  s t a b i l i z e  a f t e r  warm up. 

can be seen by t h e  sums f o r  each c a l i b r a t i o n  ruin t h a t  i f  t h e  a m p l i f i e r  con t inued 

t o  d r i f t  i n  t h e  same d i r e c t i o n  ( l o w e r  s e n s i t i v i t y )  t h a t  t h i s  i s  c o n s i s t e n t  w i t h  

t h e  type  of  e r r o r  which occur red  i n  t h e  damage accumulat ion f o r  t h a t  t e s t .  

Using t h e  o r i g i n a l  assumption t h a t  r u n  5 was s t a b l e ,  i t  i s  d e s i r e d  t o  c o r r e c t  

s e n s i t i v i t i e s  f o r  a m p l i f i e r  d r i f t  and t o  e s t i m a t e  t h e  mean s e n s i t i v i t y  f o r  each beam. 

For  t h e  f i r s t  t h r e e  runs made on t h e  day p r i o r  t o  t h e  f i e l d  

I t  i s  concluded t h a t  p r a c t i c a l l y  no d r i f t  occur red  i n  t h e  a m p l i f i e r  

On t h e  day o f  t h e  t e s t ,  two c a l i b r a t i o n  

I t  i s  apparent t h a t  t h e  a m p l i f i e r  d r i f t  r e s u l t e d  

e 

I t  was i n i t i a l l y  assumed t h a t  t h e  8% drop i n  t h e  sum o f  r u n  5 f rom 

Because o f  t h e  l a c k  o f  

Wi th  respec t  t o  t h e  f i e l d  v i b r a t i o n ,  i t  

I a 
o f  

t h e  

t i v i t, y 

f i r s t  s t e p  i s  t o  m u l t i p l y  every s e n s i t i , v i t y  o f  a g i v e n  r u n  by t h e  r a t i o  

sum o f  r u n  5 t o  t h e  sum o f  t h a t  g i v e n  run. 

i f i e r  d r i f t .  

a l l  runs.  

Th is  i n  e f f e c t  c o r r e c t s  f o r  

Then t h e  o n l y  remain ing s t e p  i s  t o  average each beam scns 
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1 

2 

3 

o 4  
5 

6 

SUM 

I_ 

Run 1 

.899 

.851 

1.344 

.481 

1.046 

,835 

5.456 

CALIBRATION RUN 

Run 2 Run 3 

. a m  .869 

.847 .851 

1.360 1.400 

.477 .479 

1.069 1.046 

.821 .811 

5.462 5.456 

Run 4 

.837 

.837 

1.401 

.501 

1.051 

.829 

5.456 

-- 

Run 5 

.903 

,833 

1.400 

.511 

1.008 

,803 

5.458 

A V G .  

.879 

. a44 

1.381 

.490 

1.044 

. a20 

5.458 

FIGURE 6-2 

The average s e n s i t i v i t y  l i s t e d  i n  t h e  l a s t  column o f  F igure  G-2 i s  used i n  the  

reduc t i on  o f  data. A l l  t he  t e s t  da ta  was reduced us ing  s e n s i t i v i t i e s  found i n  t h i s  

manner. 

The equ iva len t  t e s t  formulas were reder ived  i n  terms o f  damage w i t h  t h e  t e s t s  

be ing i n d i r e c t  p roo fs  o f  the  formulas as g iven i n  t h e  summary. 

r u n - d u t - t o - f a i l u r e  p o r t i o n  o f  t h e  t e s t  was the  same f o r  each t e s t .  

The formula f o r  t he  

G-1 
N 

The t e s t  was conducted a t  t h e  resonant f requency f n  and t h e  t ime t was t h a t  

requ i red  t o  lower the  i n i t i a l  resonance 1/2%. The va lue o f  N was taken from an 

S-N cu rve  once the  va lue o f  s t r e s s  was determined. Th is  was determined by t h e  

equat ion:  

where (y -x )  i s  t he  r e l a t i v e  mot ion o f  t he  beam t i p .  The capac i t y  probe a m p l i f i e r  

g ives  a vo l tage  p ropor t i ona l  t o  t h e  r e l a t i v e  displacement, The d e r i v a t i o n  o f  t h e  
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foririula used f o r  data reduc t ion  t o  o b t a i n  s t ress  i s  based on the assumption t h a t  

the speciinen i s  a s i n g l e  degree o f  freedom model w i t h  n e g l i g i b l e  damping. 

mS; + k ( y -X )  = 0 
( y -X )  = - - m 'y' 

k G-2 

5 
The value o f  K1 i s  measured t o  be 3.82 x 10 p s i  per  i nch  o f  t i p  d e f l e c t i o n  

f o r  a beam w i t h  no s ide  notches c u t  i n  the  beam. The f i n a l  equat ion used i s :  

(3'- = 6.04 l o 6  ** 
fn2 

where 'y' i s  expressed i n  g ' s .  It i s  apparent from the  above d e r i v a t i o n  t h a t  t he  

f,, term r e s u l t s  from the r a t i o  o f  k and m and i s  n o t  frequency dependent. The 

s t ress  which the specimen experiences du r ing  r u n - o u t - t o - f a i l u r e  should be compared 

w i t h  the  peak s t ress  which occurs dur ing  the  c o r r e l a t i o n  p o r t i o n  o f  the  t e s t .  

The s t ress  should be h igher  du r ing  the  f i n a l  r u n - o u t - t o - f a i l u r e  p o r t i o n  o f  t he  

t e s t '  so t h a t  the  p red ic ted  damage f o r  t h i s  phase w i l l  be the  same f o r  the  (C-D)  

as for the ( P - N )  hypothesis.  

The equat ions used i n  the  c o r r e l a t i o n  phase o f  t h e  t e s t s  a re  now presented. 

They vary from the  equat ions used i n  the  summary by con ta in ing  terms r e l a t e d  t o  

s t ress  l e v e l s  such as Cs and N1 . These equat ions are: 

( 1 )  Sine dwel l  - This  damage equat ion i s  t he  same as f o r  t he  run  o u t  t o  f a i l u r e ,  

Equation G-3 i s  used t o  determine s t ress  w i t h  K1 being the same f o r  equat ion G-1. 

Q=20tas f o r  ()=2000. 

( 2 )  Random - This  damage equat ion i s  a l s o  equat ion G-1. The o n l y  d i f f e r e n c e  i s  

c h a t , t h e  N i n  t h i s  equat ion i s  taken from a random S-N curve and n o t  a s ine  S-N 

*-*-For the  s i n e  dwel l  t e s t ,  the  r o o t  geometry r e s u l t e d  i n  d i f f e r e n t  s t ress  r i s e r  
so constant  was 5.72 i ns tead  o f  6.04. 
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curve. Equation G - 3  i s  used a l so  t o  o b t a i n  the rms s t ress  l e v e l .  The value o f  
.. 
y used here must a l s o  be i n  rms measure. 

the  response by count ing zero cross ings o r  from the  spec t ra l  ana lys i s .  

The frequency fn may be obta ined from 

( 3 )  Log s ine  sweep. The form o f  the  damage equat ion used i n  t h i s  sec t i on  i s :  

Ds Cbfmtss  6-4 znfd L N,Q 
where the d e r i v a t i o n  o f  @ i s  descr ibed i n  Appendix C. An approximate equat ion 

f o r  + is :  
cb= 1.89/0 -645 

G-5 

I n  t h i s  study the  (P-M)b term i s  7.8 so t h a t + =  .50. 

S O  t h a t  @ = .67. 

o s c i l l o g r a p h i c  t races o f  the beam response. The resonant a m p l i f i c a t i o n  was 

The (C-D) d term i s  4.9 

The values o f  Q and f n  du r ing  the  t e s t  a re  taken from 

taken as  t he  maximum ampl i tude which occurred d u r i n g  one sweep. The shape o f  

t he  response curve was measured dur ing  the  s ine  sweep from the  o s c i l l o g r a p h i c  

t r a c e  and value o f  Q used i n  6-4 was obta ined by the  equat ion:  

Q = fn G-6 
. nf 

whereAf  was measured a t  .707 o f  the  resonant response. 

i n  G-4 i s  used as a measure o f  the  response bandwidth and i t  i s  more appropr ia te  

The Q which appears 

t o  de f ine  t h i s  Q by equat ion G-6 than by a resonant a m p l i f i c a t i o n  s ince  d i f f e r e n t  

: i ' s  a r e  obta ined by the  two methods. 
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The (C-D) damage accumulation f o r  preceded by should be: 

The (P-M) damage p r e d i c t i o n  i s :  

To convert the (P-M) damage t o  t h e  (C-D) damage, equation 6-8 must be m u l t l p l i e d  

by N2 t o  convert i t  t o  equation 6-7. The f a c t o r  N2 i s  der ived i n  t h i s  manner: - - 
Ne Ne 

Nla;bsN&b 

... 

t 

6-8'. 

G-9 
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For the p a r t i c u l a r  case,sinusoidal v i b r a t i o n  w i t h  a spec 

Q equat ion G-9 becomes: 

men hav ng a constant  

G - I O  

The f i r s t  s u b s c r i p t  denotes frequency./ The secolnd s u b s c r i p t  #on  A denotes t e s t .  

When Ul = W  

sweep t e s t ,  (10)  reduces to :  

as would occur i n  a two l e v e l  resonant s ine  dwel l  t e s t  or a s i n e  
2 '  e 

where the s u b s c r i p t  denotes t e s t .  A1 precedes A2 and A] A2 . I n  the case 

o f  random v i b r a t i o n  where the  i n p u t  i s  descr ibed i n  terms o f  spec t ra l  dens i ty ,  

G - 1 1  becomes: 

I n  the  case o f  the  t e s t  specimens f o r  t h i s  p r o j e c t ,  the n o n l i n e a r i t i e s  i n  

Q p r w e n t  the  use o f  G-10, G-11 o r  6-12 i n  data ana lys is  b u t  they can be 

used when a l i n e a r  system i s  assumed and co r rec t i ons  a r e  wanted t o  conver t  (P-M) 

damage t o  (C-D)  damage. Equat ion 'G-9 i s  used t o  obta 

v i b r d t i o n  t e s t .  

m .The p resen ta t i on  o f  data. w i  11 be i n  t a b u l a r  form. 

presented except f o r  t he  t ime t o  f a i l u r e  i n  the  run-ou' 

n (C-D) damage i n  

A l l  raw data w i l l  be 

- t o - f a i  1 u re  p o r t i o n  o f  

the  t e s t .  

drops 1.55 cps which i s  the  f a i l u r e  c r i t e r i a .  

Several checks of resonant frequency a re  made before  the  resonance 

I n t e r p o l a t i o n  o r  e x t r a p o l a t i o n  

must 'be used i n  most cases t o  f i n d  the  exac t  t ime t requ i red  t o  drop the  

resonance t h i s  amount. 

o f  f a i l u r e  i s  so  h igh  t h a t  a s l i g h t  inc rease int t ime du ra t i on  w i l  1 r e s u l t  i n  

The r a t e  o f  change o f  resonance i n  t h e  l a s t  stages 

G-11 
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~ * *  
a l a r y e  change i n  resonance. The t ime  t o  f a i l u r e  i n  t h e  t a b l e  i s  t h e  c a l c u l a t e d  

t ime t o  f a i l u r e  and an example case i s  shown 6n:F igures  6-4 and 6-5. 

C P 

E o l -  ./- 

TIME 
Figure  6-4 

Beam f,l t 1 A1 N1 fn2 A2 N2 D i  D2 DTOTAL 
1 327.5cps 3x103sec 4609 6 . 1 ~ 1 0 ~  311.6cps 8.015x103sec 4609 2 . 9 ~ 1 0 ~  .1607 .8650 1.0257 
2 340.4 7 . 2 ~ 1 0 3  460 1 0 . 5 ~ 1 0 ~  316.6 8 . 1 0 ~ 1 0 ~  454 3 . 5 ~ 1 0 ~  .2333 .7040 .9373 
3 332.0 7 . 2 ~ 1 0 ~  460 7 . 6 ~ 1 0 ~  317.5 3 . 4 0 ~ 1 0 ~  550 .94x106 ,3145 1.14701.4615 
4 327.0 7 . 2 ~ 1 0 ~  437 7 . 3 ~ 1 0 ~  313.1 7.%?x103 437 3 . 4 ~ 1 0 ~  .3225 ,7290 1.351.5 
5 335.0 7 . 2 ~ 1 0 ~  460 8 . 2 ~ 1 0 ~  316.5 4 . 8 0 ~ 1 0 ~  460 3 . 2 ~ 1 0 ~  .2940 ,4750 .739 

6 330.0 7 . 2 ~ 1 0 ~  460 6 . 6 ~ 1 0 ~  315.4 4 . 3 2 ~ 1 0 ~  460 3 . 4 ~ 1 0 ~  ,3600 .4010 .761 . .  
SUM: 6.076 

ARITHMETIC AVG: 1.013 
WEIBULL MEAN: 1.028 

F igure  G-5 
! 
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I - -  
Comments on F i g u r e  G-5 a r e  ment ioned here:  

1.  The c o r r e l a t i o n  p o r t i o n  o f  beam 1 ' s  t e s t  was r u n  f o r  o n l y  3000 seconds because 

Lt-~c d u r a t i o n  was based on Q ' s  and f n ' s  measured a t  low i n p u t s  which s h i f t e d  when 

t h e  l e v e l  was r a i s e d .  Tes t  l e v e l  c h a r a c t e r i s t i c s  were lower ,  t h e r e f o r e  t h e  r e s t  

o f  t h e  specimens were r u n  f o r  l o n g e r  t imes.  

2. 

p o r t i o n  were r u n  a t  d i f f e r e n t  l e v e l s  than  t h e  m a j o r i t y  o f  t h e  specimens due t o  

Specimen 4 i n  t h e  c o r r e l a t i o n  p o r t i o n  and 2, 3, 4 i n  t h e  r u n - o u t - t o - f a i l u r e  

e f a u l t y  accelerometer  c a l i b r a t i o n  which was n o t i c e d  d u r i n g  a post -  t e s t  check. 

3. 

f rom 342.4 cps t o  339.4 cps d u r i n g  t h e  t e s t  due t o  changes i n  t h e  damper. 

average f, (340.4 cps )  d u r i n g  t h e  t e s t  was used. 

4. 

which a l s o  had t h e  g r e a t e s t  v a r i a t i o n  i s  s t r e s s  l e v e l  between c o r r e l a t i o n  and 

r u n - o u t - t o - f a i l u r e  p o r t i o n s  o f  t h e  t e s t .  Other  exper imenters  have reco rded  

g r e a t e r  t han  t h e  l i n e a r l y  p r e d i c t e d  damaqe f o r  i n c r e a s i n q  s t r e s s  l e v e l s .  

5. 

on l a t e r  s e t s  o f  specimens. 

p r o p e r t i e s .  

by t h e  equa t ion :  

The c h a r a c t e r i s t i c s  o f  Specimen 2 v a r i e d  d u r i n g  t h e  t e s t .  The resonance s h i f t e d  

The 

The g r e a t e s t  v a r i a t i o n  i n  p r e d i c t e d  t o  a c t u a l  damage occu r red  i n  Specimen 3 

The f a t i g u e  cu rve  used on these specimens i s  d i f f e r e n t  f rom t h a t  c u r v e  used 

Each s e t  o f  specimens had s l i g h t l y  d i f f e r e n t  f a t i g u e  

The f a t i g u e  cu rve  f o r  t h e  s e t  o f  beams used on t h i s  t e s t  i s  d e f i n e d  

I a 6.39 
N C T  = 4.81 1034 

6. *The most s i g n i f i c a n t  r e s u l t  o f  t h i s  t e s t  w i t h  r e s p e c t  t o  t h e  t e s t  procedure i s  

t h a t  good p r e d i c t i o n  i s  p o s s i b l e  on a two p a r t  i n t e r r u p t e d  t e s t .  
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7. An a d d i t i o n a l  measure o f  c o r r e l a t i o n  i s  presented i n  which o n l y  t h e  a c t u a l  

damage which occurs d u r i n g  t h e  c o r r e l a t i o n  p o r t i o n  o f  t h e  t e s t  i s  compared w i t h  

t h e  p r e d i c t e d  damage f o r  t h e  c o r r e l a t i o n  p o r t i o n  o f  t h e  t e s t .  The a c t u a l  damage 

f o r  t h e  c o r r e l a t i o n  p r o t i o n  i s  d e f i n e d  as l-D(RUN-oUT). 

o f  t h e  r a t i o  o f  t h e  a c t u a l  damage t o  t h e  p r e d i c t e d  i s  then taken as a measure o f  

The a r i t h m e t i c  average 

c o r r e l a t i o n .  See f i g u r e  G-6. 
BEAM ACTUAL DAMAGE PREDICTED DAMAGE DA/DP a 1 .1350 .1607 ,840 

2 .2960 ,2333 1.269 

3 

4 

-,1470 

.2710 

.3145 

.3225 

- .467 

.840 

5 ,5250 .2940 1.786 

is ,5990 .3600. 1.663 

F i g u r e  G-6 AVG: .989 

The reason f o r  choosing t h e  r a t i o  t o  be DA/Dr instead o f D P / D A i s  t h a t  t h e  

s t a t i s t i c a l  v a r i a t i o n  i n  t h e  r u n - o u t - t o - f a i l u r e  p o r t i o n  o f  t h e  t e s t  w i l l  r e s u l t  

i n  sonie a c t u a l  damages be ing  zero o r  l e s s  than zero. When t h e  a c t u a l  damage i s  

v e r y  & a l l ,  t h e  r a t i o  D%A becomes v e r y  l a r g e  and i s  u n r e a l i s t i c .  S ince D p  

always i s  a p o s i t i v e  f i n i t e  number, t h e  rat ioDA&is a more meaningfu l  number. 

Another t e s t  t o  use on t h e  v a l i d i t y  o f  t h e  c o r r e l a t i o n  damage i s  t o  compare t h e  

0 sum o f  t h e  a c t u a l  damage t o  t h e  p r e d i c t e d  damage. In t h e  case o f  t h e  s i n e  d w e l l  

t e s t  1 YD, = .99. 
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(2) Random Test 
Beam fnl t 1 A1 t 2  A2 n25 

1 
2 323.1 . 5 . 4 ~ 1 0 ~  207 4 . 3 5 ~ 1 0 ~  308.8 1 .35x103 575 3 . 4 ~ 1 0 ~  

3 328.5 5 . 4 ~ 1 0 ~  199 8 . 2 ~ 1 0 ~  313.1 3 . 1 8 ~ 1 0 ~  484 1 .6x106 

4 331.5 2 . 4 3 ~ 1 0 ~  254 1 .45x106 314.3 1 .02x102 598 3 . 3 ~ 1 0 ~  

3 2 6 . 5 ~ ~ ~  5 . 4 ~ 1  03sec 199grms 7.1 x l  O 5  31 4.1 cps 6 .66~1  02sec 5869 4x1 O5 

5 334.9 2 . 2 4 ~ 1 0 ~ :  

6 328.4 2 . 4 3 ~ 1 0 ~  
3 

7 330.7 3 .49~10  

8 331.5 3 . 4 9 ~ 1 0 ~  e 9 339.6 2 . ~ ~ 1 0 3  .: 

10 331.8 1.8~103 
&.76x10 ', 

11 330.5 3 . 4 9 ~ 1 0 ~  

2 78 
221 

227 

201 

2 88 

257 
'2 74 

253 

b82x106 313.8 0 0 

3 . 5 ~ 1 0 ~  314.3 1.059~10 600 3 . 3 ~ 1 0 ~  

3 . 0 ~ 1 0 ~  314.1 5.8~10' 674 1 .25x105 

8 . 5 ~ 1 0 ~  314.6 3.84~10' 653 1 .7x1 O5 

.8x106 313.9 0 0 

1 .3x1f6 313.5 0 0 '. 8x1 0 

1 .35x106 311.5 5 . 4 ~ 1 0  674 1 .13x105 

12 333.1 3 . 4 9 ~ 1 0 ~  240 2.2x106 312.2 3.47~10' 610 1.2~105 

FIGURE 6-7 

1 .248 .523 .771 ,477 1.924 1.04 .99 1.005 

2 .401 1.226 1.627 -.226 - ,663 

3 .217 .621 .638 1.379 1.746 

4 .555 .097 ,652 .903 1.626 

5 .914 0 .914 1.000 1.094 

6 .228 1.008 1.236 0.008 - .035 
7 ,384 .552 .936 .448 1.166 

8 .136 ,712 .848 .288 2.120 

9 ' .934 0 .934 * :  1.000 1.071 
e 

10 .459/.316 . 0 .875 1.000 1.143 

11 ,855 .149 1.004 .851 ,996 

12 .528 .903 1.431 .097 ,184 

FIGURE 6-8 



Comments on F igures  6-7 and 6-8  

The data c o n s i s t s  o f  r e s u l t s  f rom 12 specimens r u n  i n  3 t e s t s .  ( 1 )  The t imes and 

i n p u t  l e v e l s  o f  each t e s t  v a r i e d  depending on what on- the-spot  c a l c u l a t i o n s  

i n d i c a t e d  as t o  t h e  damage l e v e l s .  

the  second t h r e e  e n t r i e s  a r e  f o r  t h e  second t e s t  and the  remain ing e n t r i e s  a r e  f o r  

the  t h i r d  and f i n a l  t e s t .  

The f i r s t  3 i i n t r i e s  a re  f o r  t h e  f i r s t  t e s t  w h i l e  

( 2 )  The r u n - o u t  l e v e l s  a r e  nomina l l y  600 g ' s  peak b u t  have been c o r r e c t e d  based on 

p o s t - t e s t  accelerometer  c a l i b r a t i o n  

p o s t - t e s t  check occurs,  a more c r i  t 

co r r e c  t . 
( 3 )  The Weibul l  p l o t  ( F i g u r e  16) 

checks. I f  ii v a r  

c a l  check i s  then 

o f  t h e  f a i l u r e  PO 

a t i o n  between p r e - t e s t  and 

made t o  determine which i s  

n t s  show two d i s t i n c t  curves.  

O f  t h e  t h r e e  f a i l u r e  p o i n t s  which d e f i n e  t h e  upper curve, each p o i n t  represents  a 

specimen which came from a d i f f e r e n t  t e s t .  No e x p l a n a t i o n  f o r  t h i s  e f f e c t  can be 

o f f e r e d .  Because of  t h i s  compound curve and t h e  l i m i t e d  number o f  samples no 

Wei b u l l  mean was c a l  c u l  a ted.  

( 4 )  

numbers 5, 9 and 10. 

changes i n  resonance were 3.4 cps, 16.2 cps and 5.0 cps r e s p e c t i v e l y ,  r e q u i r i n g  an 

e x t r b p o l a t i o n  t o  be made t o  g e t  t h e  t imes a t  f a i l u r e .  Since these t imes a r e  

ob ta ined by e x t r a p o l a t i n g ,  they w i l l  be exc luded f o r  purposes o f  comparison. 

Three specimens f a i l e d  d u r i n g  t h e  c o r r e l a t i o n  p o r t i o n  o f  t h e  t e s t .  They a r e  

When t h e  c o r r e l a t i o n  p o r t i o n  o f  the  t e s t  was f i n i s h e d ,  t h e  

An 

0 a d j u s t e d  Weibul l  p l o t  ( F i g u r e  G 17) o f  f a i l u r e  pol ints was made which a l s o  showed 

the compound curve. A t a b l e  o f  a d j u s t e d  t e s t  c h a r a c t e r i s t i c s  i s  shown: 

1.038 1.018 .903 

Table G-1 
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The e l i m i n a t i o n  o f  these t h r e e  p o i n t s  r e s u l t i s  i n  a poorer  s e t  o f  c o r r e l a t i o n  

c h a r a c t e r i s t i c s  . The o v e r a l l  p r e d i  c t e d  damage i ricreased 3.5%. The average 

p r e d i c t e d  damage o f  t h e  c o r r e l a t i o n  p o r t i o n  o f  the  t e s t  inc reased 10% when compared 

w i t h  t h e  average a c t u a l  damage. 

( 5 )  The i m p o r t a n t  r e s u l t  o f  t h i s  t e s t  i s  t h a t :  

Two p a r t  t e s t s  composed o f  d i f f e r e n t  types o f  v i b r a t i o n  produce 

damage which can be p r e d i c t e d  by t h e  f a t i g u e  hypotheses used i n  t h i s  

p r o j e c t  . 
Specimen (10)  changed i t s  dynamic c h a r a c t e r i s t i c s  by more than 5% d u r i n g  ( 6 )  

t h e  t e s t  so t h e r e f o r e  the  damage accumulat ion was broken i n t o  two t i m e  p o r t i o n s  

r a t h e r  than t a k i n g  t h e  average va lue.  Th is  specimen was a l s o  one o f  those 

which f a i l e d  d u r i n g  the  c o r r e l a t i o n  p o r t i o n  c f  the  t e s t .  
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-ho3  ZD"/OPs.97 DT D A  
WEIBULL MEAN: .984 A= ,99 /lb- 

n 

The compl icated p r e s e n t a t i o n  o f  data i n  f i g u r e s  G-9, G-10, and G-11 r e s u l t e d  

f rom t h e  f a c t  t h a t  i n  t h e  f i r s t  s i n e  sweep t e s t  tihe dynamic c h a r a c t e r i s t i c s  o f  t h e  

beams changed more than 5% so t h e  t e s t  was broken i n t o  f o u r  segments. 

specimens d i d  n o t  change enough t o  w a r r a n t  more than t h r e e  breakdowns, f o r  ins tance,  

then t h e  f o u r t h  space was l e f t  vacant.  S p e c i f i c  observa t ions  i n c l u d e :  

( 1 )  

specimen ( 9 ) .  

r e s t  o f  t h e  data.  

o f  3.32 which i s  i n d i c a t i v e  o f  some gross e r r o r .  The t e s t  c a l i b r a t i o n  was double 

I f  some 

The c o r r e l a t i o n  measurements shown above a r e  made w i t h o u t  c o n s i d e r a t i o n  o f  

The t o t a l  damage o f  3.45 i s  w e l l  o u t  o f  t h e  s c a t t e r  band o f  t h e  

The r u n - o u t - t o - f a i l u r e  p o r t i o n  o f  t h e  t e s t  accumulated a damage 

checked and appeared c o r r e c t  b u t  no compar ib le  d e v i a t i o n  was measured on any o t h e r  

t e s t  o r  on t h e  c o m p i l i n g  o f  t h e  f a t i g u e  curves. 

c o r r e l a t i o n  measurements a r e  poor. 

I f  specimen ( 9 )  i s  inc luded,  t h e  

I n  a d d i t i o n  t o  t h i s ,  t h e  Weibul l  p l o t  ( F i g u r e  G 18) o f  a l l  p o i n t s  show specimen ( 9 )  

f a r  o f f  the  l i n e  f o r  t h e  o t h e r  11 specimens. For  these reasons, specimen ( 9 )  i s  

omi t ted .  

( 2 )  

sake o f  b r e v i t y .  

I n  t h e  (C-D) damage accumulation, t h e  t a b u l a r  computat ions a r e  n o t  shown f o r  the  

The c o r r e l a t i o n  measurements a r e  presented f o r  t h e  (C-D) hypothes is  
a 

w i t h  specimen (9 )  n o t  inc luded:  

These values show t h a t  t h e  (P-M)  hypothes is  i n  a l l  compar ib le  aspects y i e l d s  b e t t e r  

c o r r e l a t i o n  than does the  (C-D) hypothes is .  
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( 3 )  This data i s .  the r e s u l t  o f  two tests .  

s i x  specimens was complicated by changing charac:terist ics. 

became p a r t i a l l y  loose as the t e s t  progressed due t o  poor glue bonds. 

came loose, but  the cha rac te r i s t i cs  changed as the t e s t  l e v e l  was increased. 

one hour o f  t e s t  t ime the l e v e l  was increased t o  compensate f o r  the unexpectedly 

The f i r s t  t e s t  which includes the f i r s t  

The visco e l a s t i c  dampers 

None of them 

A f t e r  

low Q's. 

This change i n  cha rac te r i s t i cs  was handled by p l o t t i n g  the beam t i p  g l e v e l  vs. 

t ime and then breaking t h i s  up i n t o  increments so t h a t  the average g l e v e l  for the 

increment of t ime d u r a t i o n  was used. T h i s  i s  t h e  way t h e  r e d u c t i o n  o f  data was 

handled. 

Af ter  t h i s  increase, a continued change o f  cha rac te r i s t i cs  was observed. 

It i s  conceded t h a t  sane e r r o r  i s  induced by t h i s  non-stat ionary response 

and t h i s  i s  r e f l e c t e d  i n  the l o y e r  slope o f  the Weibull f a i l u r e  p l o t  f o r  t h i s  t e s t .  

C t  Dt,, = . , , *  
Nr, 1 

P-M hypothesis ' 
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Consider ing f i g u r e  6-12: 

(1 )  

p o r t i o n  o f  the  t e s t .  

broken i n t o  segments w i t h  the  average va lue o f  t h a t  segment be ing used i n  

computations. 

The t e s t  was broken up i n t o  severa l  p o r t i o n s  i n  the  low l e v e l  random 

Those po r t i ons  o f  t he  t e s t  t h a t  v a r i e d  more than 5% were 

( 2 )  

was measured du r ing  the  s ine  sweep p o r t i o n  and taken from o s c i l l o g r a p h i c  records.  

No measurement was taken dur ing  the  random v i b r a t i o n  p o r t i o n  o f  t he  t e s t  and i t  

was assumed t h a t  t he  resonance was the  same dur ing  the  random v i b r a t i o n  p o r t i o n  

o f  t h e  t e s t  as i t  was du r ing  the  s ine  sweep p o r t i o n .  

( 3 )  

t e s t  was s i m i l a r  enough t o  the  p r e t e s t  c a l i b r a t i o n  so t h a t  i t  i s  poss ib le  t o  

double check the  C a l i  b r a t i o n  l e v e l s .  The res i r l  t s  suppor t  t he  poss i  b i  1 i ty  t h a t  

t he  a m p l i f i e r  d r i f t e d  dur ing  the  t e s t .  i n  t h i s  s e c t i o n  

The specimen resonant frequency du r ing  the  c o r r e l a t i o n  p o r t i o n  o f  the  t e s t  

The c a l i b r a t i o n  o f  the  a m p l i f i e r  f o r  the  r u n - o u t - t o - f a i l u r e  p o r t i o n  o f  t h e  

The previous example 

had the f o l l o w i n g  values which were used dur ing the  t e s t :  

Beam 

1 

2 

S e n s i t i v i t y  ( p r e t e s t )  

.879 mv/g 

.844 

S e n s i t i v i t y  (pos t  t e s t )  

1.005 mv/g 

.928 

3 1.381 1.530 

4 .490 .550 

0 6 

SUM 

1.044 

.820 

5.458 
TABLE 6-2 

1.170 

.917 

6.100 

' The second column o f  s e n s i t i v i t i e s  i s  based on t h e  c a l i b r a t i o n  made a f t e r  

t h e  c o r r e l a t i o n  p o r t i o n  o f  t he  t e s t  and p r i o r  t o  the  r u n - o u t - t o - f a i l u r e  p o r t i o n  

o f  the t e s t .  The sums o f  s e n s i t i v i t i e s  had been decreasing w i t h  each o f  t h e  l a s t  

two checks made p r i o r  t o  t h e  t e s t .  The p o s t - c o r r e l a t i o n  t e s t  c a l i b r a t i o n  i n d i c a t e s  
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an l l . &  r i s e  i n  s e n s i t i v i t y  had occurred by t h a t  time. Therefore, the most 

probable conclusion i s  t h a t  the amplif ier  continued t o  d r i f t  throughout the 

t e s t  s o  t h a t  the average s e n s i t i v i t y  was about 12% below t h a t  s e n s i t i v i t y  

measured j u s t  p r i o r  t o  the t e s t .  T h i s  i s  the only t e s t  conducted w i t h  the 

second capacity probe in which a cal ibrat ion d r i f t  was observed. 

( 4 )  

The only portions o f  the t e s t  which should have been affected by the change 

The damage accumulation according t o  the (C-0)  hypothesis was calculated.  

o f  hypothesis i s  the low level random and the s i n e  sweep. The low level 

random was preceded by a h i g h  level of random so t h a t  i t  should be affected.  
a 

The s i n e  sweep portion o f  the t e s t  induces the highest s t r e s s e s  in the speci-  

men u p  t o  t h a t  time, b u t  due to  the cycling, the highest  s t r e s s  d u r i n g  one 

cycle is  preceded by lower s t r e s s e s .  The s ine  sweep t e s t  indicated t h a t  the 

( P - M )  hypothesis i s  a b e t t e r  predictor o f  darrlage f o r  t h a t  type of vibrat ion.  

Only the a l te red  damage levels  f o r  the low level random t e s t  and the s ine  

sweep t e s t  wil l  be tabularized f o r  the sake of brevi ty .  

Low Level Random 

Beam 

I t  3.43 

2 .  2.99 

3 4.84 

4 2.99 

5 3.02 

6 3.08 

2.94 -- 1.91x10 

-- -- ,0509 

4.33 4.05 
-2 

2 . 3 1 ~ 1 0  

-- -_ .1645 

2.60 _-  2 . 4 9 ~ 1 0  
-2 

-2 
2.81 xl0 

2 .7x 1 0- -- 

-2 -2 
2 . 7 7 ~ 1 0  1.546~10 

2 . 0 7 ~ 1 0 ~  

TABLE 6-3 
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Sine Sweep 

Be am Dl , 3  

3 .239 

4 .801 

5 .2 86 

6 .056 TABLE G - 4  

The above c o r r e l a t i o n  measurements a re  b e t t e r  than those f o r  t h e  P-M 
e 

hypothes is ,  b u t  t h i s  i s  o n l y  a c o i n c i d e n t a l  c i rcumstance.  I t  i s  b e l i e v e d  

t h a t  t he  a m p l i f i e r  d r i f t e d  i n  t h e  d i r e c t i o n  o f  decreas ing s e n s i t i v i t i e s  so  

t h a t  t h e  p r e d i c t e d  damage would be l ower  than  t h e  a c t u a l  damage. S ince the  

(C-D) hypo thes i s  p r e d i c t s  g r e a t e r  damage i t  would i n  t h i s  case y i e l d  b e t t e r  

c o r r e l a t i o n  measurements. No v a l u e  can be o b t a i n e d  f rom t h e  da ta  f o r  t h e  f i e l d  

v i b r a t i o n  s i n c e  i t  i s  f e l t  t h a t  t h e  i ns t rumen ta l t i on  was f a u l t y .  

I t  i s  reasonable a t  t h i s  p o i n t  t o  consider. how much can be s a i d  about t h e  

v a l i d i t y  o f  t h e  (P-M)  hypo thes i s  o r  t h e  (C-D) hypo thes i s .  

A l l  t e s t s  r e s u l t s  i n d i c a t e  t h a t  t h e  ( P - M )  h y p t h e s i s  i s  b e t t e r  than 

the  (C-D)  hypothes is :  

( 1 )  The spacing of t h e  random f a t i g u e  curve w i t h  r e s p e c t  t o  

t h e  s i n e  f a t i g u e  cu rve  i s  i n  agreement w i t h  t h e  (P-M) 

hypo thes i s  . 
( 2 )  The s lope  o f  t h e  random f a t i g u e  cu rve  i s  i n  c l o s e  agree- 

The s lope  o f  t h e  random ment w i t h  t h e  ( P - M )  hypo thes i s .  

curve i s  7.66 w h i l e  t h e  s l o p e  o f  t h e  s i n e  f a t i g u e  cu rve  

i s  7.94. T h i s  i s  a 4'% d i f f e r e n c e  which i s  p robab ly  w i t h -  

i n  t h e  measurement e r r o r  range. To s a t i s f y  t h e  C-D 

hypo thes i s  the  s l o p e  ,;hould have been 4.92. 
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( 3 )  The s ine  sweep t e s t  data c o r r e l a t e d  b e t t e r  us ing  

the (P-M) hypothesis.  

o f  cont inuously  vary ing  s t resses were app l i ed  t o  the 

specimens I n  a manner s i m i l a r  t o  the way the  (C-D)d 

term was determined, b u t  s t i l l  the  (P-M) gave a b e t t e r  

p r e d i c t i o n  o f  the  ac tua l  damage. 

I n  t h i s  t e s t ,  repeat ing  b locks 

One method o f  data p resenta t ion  which i s  [used on t h i s  s e t  o f  t e s t s  and 

wh-ich needs c l a r i f i c a t i o n  i s  the Weibul l  P l o t  i n  which the absicca i s  expressed 

i n  terms o f  damage r a t h e r  than cyc les t o  f a i l u r e .  The graph o f  per  cent  f a i l -  

ed V S .  cyc les cou ld  have been p l o t t e d  on p r o b a b i l i t y  paper a l s o  b u t  i t  was 

f e l t  t h a t  the Weibul l  d i s t r i b u t i o n  i s  more r e a l i s t i c  f o r  f a t i g u e  t e s t i n g .  

t e s t s  were conducted a t  a g iven i n p u t  b u t  because o f  v a r i a t i o n s  i n  resonance 

and Q, the s t ress  l e v e l  was d i f f e r e n t  f o r  each specimen. 

i s  u s u a l l y  made f o r  a g iven specimen s t ress  the re fo re  i t  would be u n l i k e l y  t h a t  

a very meaningful p l o t  cou ld  be made of the  raw data unless some e f f o r t  were 

made t o  normal ize the s t ress  o r  the cyc les t o  f a i l u r e .  By the d e f i n i t i o n  o f  

damage used i n  t h i s  repor t ,  the normal ized cyc les t o  f a i l u r e ,  n/N, f o r  a g iven 

specimen becomes damage. Now f o r  a r a t e - o f - f a i l u r e  p l o t  i n  which the  s t resses 

a rc  a l l  d i f f e r e n t ,  the cyc les t o  f a i l u r e ,  n i ,  f o r  the  i t h  specimen i s  normal ized 

on the mean number o f  cycles,  N i ,  which would have r e s u l t e d  i f  a l l  t he  specimen 

had been run a t  t h i s  s t ress .  

curve f o r  the i t h  s t ress .  

i n t o  the damage a x i s  a l so  permi ts  p l o t t i n g  the r e s u l t s  o f  m u l t i l e v e l  t e s t s  such 

as ,occurred i n  t h i s  p r o j e c t .  

e 
3 

The 

A f a i l u r e  r a t e  p l o t  

Th is  mean number o f  cyc les comes from the  S-N 

This  t ransformat ion o f  the c y c l e s - t o - f a i l u r e - a x i s  , 



The following i l lus t ra t ion  and derivation i s  presented to  c la r i fy  how 

the equivalence equations are verified by the indirect  approach used i n  this 

study . 
I n  the example in Appendix J ,  the envelope of a random equivalent input 

i s  plotted for the f i e ld  vibration supplied by the Contractor. 

with f n  = 340 cps, Q = 20 and a t e s t  of one hour,the equivalent random t e s t  i n -  

p u t  i s  1.56 g2/cps a t  340 cps region of the spectrum. 

determined that the s t ress  i s  4265 psi. rms. From the S-N curve for  these 

beams i n  random l o a d i n g  the N term i s  1.72 x 1O1O cycles. 

level i s  necessary to  get any measurable damage i n  a reasonable time (no  exper- 

imental data was obtained fo r  t h i s  extreme l i f e ) .  Since the actual f n  and Q 

For a specimen 

Using 8-34 i t  can be 

0 
Some scaling u p  of 

cannot be controlled, scaling O F  these terms must be niade also. I n  the equiv- 

a lent  random correlation t e s t ,  values of f n ,  t and u can be measured dur ing  

the t e s t  so t h a t  scaling factors can be obtained to  determine the change i n  

damage due to  scaling. 

predicted equivalent t e s t  levels can be checked by the t e s t s  performed i n  th i s  

A simple derivation is  presented to  show how actual 

project. 

Let DJ be the f i e l d  v i b r a t i o n  damage as predicted from the scaled parameters. 

where the subscript f denotes parameters scaled from the f i e ld  vibration. Cr i s  a 
the random fatigue curve parameter. 

f o r  the parameters which occur d u r i n g  the correlation t e s t .  

I n  the next equation, subscript t s t ands  
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The equ iva len t  t e s t  parameters a re  r e l a t e d  t o  the  c o r r e l a t i o n  t e s t  parameter 

by some f a c t o r  M.  

- 
fn,t - M ~ f n y f  

tt = M2tf 

Qi = M3QC 

where Mt = M1M2M3 

Now the p red ic ted  c o r r e l a t i o n  damage i s  MtDF. The ac tua l  c o r r e l a t i o n  damage 

i s  1-D2 where D2 i s  the  damage due t o  the r u n - o u t - t o - f a i l u r e  p o r t i o n  o f  the 

then the s t a t i s t i c a l l y  average ac tua l  c o r r e l a t i o n  damage i s  equal t o  the scaled 

damage o f  t he  equiva n t  t e s t .  

are no more than 

The two c o r r e l a t i o n  measurements j u s t  shown 

and X N b w h i c h  were determined f o r  every 

t e s t .  Therefore, once an equ iva len t  t e s t  l e v e l  has been determined, whether 

i t  i s  s ine  dwell, s i ne  sweep o r  random, the  t e s t s  which have been run show 

t h d t  i t  i s  poss ib le  t o  p r e d i c t  t h a t  damage accurate ly .  

Another measurement was made which i s  considered impor tant  w i t h  respect  

That i s  the  degree t o  which the ac tua l  t o  the  bas ic  random damage equat ion.  

peak d i s t r i b u t i o n  o f  stresses are  approximated by the Rayleigh d i s t r i b u t i o n .  

The p r e d i c t i o n  o f  the s lope and p o s i t i o n  o f  t he  random f a t i g u e  curve i s  based 

on the assumption o f  a Rayleigh d i s t r i b u t i o n  o f  peaks and a (P-M) damage 

accumulation. 

beams. 

Close agreement e x i s t s  f o r  t h i s  p r e d i c t i o n  w i t h  the undamped 

Since w i t h  a Q o f  2000 a very narrow band random response w i l l  occur 
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and the assumption o f  a Rayleigh d i s t r i b u t i o n  i s  probably very  c lose.  I n  

the c o r r e l a t i o n  t e s t s  though, the  Q i s  o f t e n  c lose  t o  10 dur ing  the  t e s t  

so some v a r i a t i o n  cou ld  r e s u l t  due t o  t h i s .  Data was taken f o r  a l l  12 beams 

of the random v i b r a t l o n  t e s t  and a p l o t  o f  a t y p i c a l  response i s  p l o t t e d .  

The procedure was t o  measure the  number o f  t imes the  s i g n a l  exceeded 

a c e r t a i n  th resho ld  l e v e l .  

t e s t  was repeated w i t h  the  th resho ld  l e v e l  changed g radua l l y  from run t o  

A tape loop o f  the  beam t i p  response dur ing  the 

run  u n t i l  the th resho ld  had been changed from the  h ighes t  p o s i t i v e  peaks 

t o  the h ighes t  negat ive peaks. The raw data f o r  beam 1 o f  the  random 
e 

v i b r a t i o n  peak count measurement was: 

THRESHOLD 
COUNTS ABOVE 

THRESHOLD 

+1.4 v o l t s  0 

1.3 v o l t s  

1.2 v o l t s  

1.1 v o l t s  

1 .o v o l t s  

.9 v o l t s  

.8 v o l t s  

.7 v o l t s  

.6 v o l t s  

.5 v o l t s  

.4 v o l t s  

.3 v o l t s  

.2 v o l t s  

.1 v o l t s  

0 v o l t s  

2 

3 

4 

19 

78 

215 

500 

1022 

1775 

282 7 

4015 

51 58 

6029 

6384 

PEAKS OCCURING 
WITHIN INTERVAL 

2 

1 

1 

15 

59 

137 

285 

522 

753 

1052 

1188 

1143 

87 1 

355 



THRESHOLD 

-.l v o l t s  

-.2 v o l t s  

- .3 v o l t s  

' - .4 v o l t s  

-.5 v o l t s  

-.6 v o l t s  

- .7 v o l t s  

-.8 v o l t s  

- . 9  v o l t s  

-1.0 v o l t s  

-1.1 v o l t s  

-1.2 v o l t s  

-1.3 v o l t s  

-1.4 v o l t s  

COUNTS ABOVE 
THRESHOLD 

60 39 

5204 

4077 

2885 

1869 

1077 

527 

241 

103 

39 

23 

13 

8 

PEAKS OCCUR1 NG 
WITHIN INTERVAL 

345 

83 5 

1127 

1192 . - 

1016 

792 

5 50 

2 86 

138 

64 

29 

10 

5 

8 

TABLE 6-5 

The values i n  t h e  column o f  peaks between l e v e l s  a r e  t h e  da ta  p o i n t s  t o  

be used i n  t h e  c o n s t r u c t i o n  o f  t h e  d i s t r i b u t i o n  curve. I t  i s  a two lobed curve, 

symmetr ica l  about t h e  zero  v o l t a g e  p o i n t .  I n  t h i s  form i t  i s  easy t o  determine 

i f  t h e  beam d e f l e c t e d  more i n  one d i r e c t i o n  than another.  O f  a l l  t h e  beams 

tes ted ,  none showed any s i g n i f i c a n t  asymmetry. To compare t h e  exper imenta l  

curve w i t h  a t r u e  Rayle igh d i s t r i b u t i o n ,  t h e  assumption had t o  be made then 
$ 

t h a t  t h e  maximum p o i n t  on t h e  d i s t r i b u t i o n  c o i n c i d e d  w i t h  t h e  rms l e v e l  and 

t h e r e f o r e  a l s o  c o i n c i d e d  w i t h  t h e  peak o f  t h e  t r u e  Ray le igh  d i s t r i b u t i o n .  A 

Rayle igh d i s t r i b u t i o n  was p l o t t e d  t o  s a t i s f y  t h i s  c o n d i t i o n  and comparis ions 
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were made o f  the superimposed p lo t s  o f  the two curves. These p l o t s  a r e  

shown i n  Figure 6-13. The conclusions which can be made from t h i s  are: 

N o t  enough data was ava i l ab le  t o  ge t  much o f  the d i s t r i b u t i o n  curve 

out  a t  the 2 and 3 6  points.  Although the loops were as long as 20 

seconds (tape loop machine capaci ty)  the number o f  peaks a t  the 4 

sigma l e v e l  becomes very low. 

are n o t  we l l  defined. 

I t was found t h a t  the curves which were the most d i s t o r t e d  were taken from 

tapes which a lso produced the most d i s t o r t e d  spectral  analysis.  

hypothesis fo r  t h i s  phenomenon i s  t h a t  i n  the t ime per iod o f  the tape 

loop, on l y  several resonant b u i l d  ups and decays occur and since some 

o f  these w i l l  be s l i g h t l y  o f f  resonance, they w i l l  n o t  reach the mag- 

n i tude o f  an on-resonance response. 

several off-resonance responses usua l l y  has d i s t o r t i o n s  i n  the peak 

response (one p a r t i c u l a r  exception was the tape loop from the shaker 

table; t h i s  peak d i s t r i b u t i o n  was n e a r l y  an exact Rayleigh d i s t r i b u t i o n  

bu t  the spectral  analysis was very d i s t o r t e d ) .  

which had greater than a Rayleigh d i s t r i b u t i o n  o f  peaks i n  the high 

s t ress region w i t h  spwimens which sustained h igh damage levels ,  there 

was found t o  be no no t i cab le  co r re la t i on .  This strengthens the b e l i e f  

t ha t  the tape loop time was too shor t  and t h a t  i f  a longer sample t ime 

had been ava i l ab le  the l i m i t i n g  d i s t r i b u t i o n  would have been a Rayleigh 

d i s t r i b u t i o n .  

Therefore, the t a i l s  o f  the d i s t r i b u t i o n s  

A 

The spectral  analysis which shows 

I n  comparing the specimens 

1 I 
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( 3 )  The fo l l ow ing  argument i s  presented t o  f u r t h e r  support the existance 

o f  a near ly  Rayleigh d i s t r i b u t i o n  i n  the 3dand  4 4 r e g i o n  since the 

peak measurements are too inconclusive i n  t h i s  respect. 

a. The (C-D) hypothesis p red ic t s  a closei- spacing than does the 

(P-M) hypothesis. 

If the peak d i s t r i b u t i o n  were c l ipped i n  the h i g h 5  region, a b. 

less damaging s i t u a t i o n  would e x i s t  arid the random-sine spacing 

would be c lose r  than predicted using the Rayleigh d i s t r i b u t i o n .  

The spacing has been measured t o  be 2.6% greater  than predicted 

using the (F-M) hypothesis and the 4ayleigh d i s t r i b u t i o n  as 

assumptions. 

c. 

Since any assumptions other than these would r e s u l t  

i n  less than the extreme spacing, i t  must be assumed t h a t  these 

condi t ions e x i s t .  

The f i n a l  p o r t i o n  t o  be covered i n  t h i s  sect ion i s  the analysis o f  the 

data taken durinq the f a t i g u e  proper ty  t e s t s  o f  the undamped specimens. 

consisted o f  determining the S-N curve f o r  random and sine and the(C-D) 

exponent I'd" . 

This 

The reduct ion o f  data t o  determine the S-N curves was s t r a i g h t  forward. 

The t e s t  procedure i s  the same as f o r  the r u n - o u t - t o - f a i l u r e  p o r t i o n  o f  the 

multibeam tests .  The t e s t  ygs i n te r rup ted  when the Q dropped t o  100 t o  make 

resonant frequency checks dur ing the s ine tes ts .  

by i n t e r p o l a t i o n  between these check frequencies. A s i m i l a r  procedure was 

fol lowed i n  the,random t e s t i n g  when the narrow band output o f  the capaci ty 

0 
The time t o  f a i l u r e  waS>dbtdined 

I 

probe transducer dropped ou t  o f  the pass band o f  a narrow band f i l t e r  se t  on 

the o r i g i n a l  resonance o f  the beam. Since i t  was d i f f i c u l t  t o  run groups o f  

beams a t  the same st ress l eve l ,  a l e a s t  square curve f i t  was used w i t h  no 
-*-- 

, 
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grouping o f  p o i n t s .  The c y c l e s - t o - f a i  l u r e  and s t r e s s  were 

lodar i thms and t h e  b e s t  s t r a i g h t  l i n e  was f i t t e d  t o  t h i s  p 

o f  the  l o g a r i t h m  o f  s t r e s s  was a l s o  computed. P o i n t s  ou ts  

conver ted t o  n a t u r a l  

o t .  The var iance 

de o f  a +3 CY band - 
about t h e  curve were e l i m i n a t e d  and a new l i n e  'was f i t t e d  t o  remain ing p o i n t s .  

One o r  two such p o i n t s  were e l i m i n a t e d .  

f o r  samples i n  which some obvious procedura l  m is take  was made (bad c a l i b r a t i o n ,  

over  s t ress ing ,  a m p l i f i e r  d r i f t ,  e t c . ) .  

Other  p o i n t s  which were o m i t t e d  were 

The S-N curve equat ion  i s  g i v e n  f o r  each s e t  o f  beams, and i n  F ig .  

the p o i n t s  and curves a r e  p l o t t e d  f o r  each s e t  o f  beams. 

Set  1. Sine: = 2.44 x (24  p o i n t s )  Random: = 2.47 x 

( 1 8  p o i n t s )  

Set 2. Sine: Na6.39 = 4.97 x 1034 (15 p o i n t s )  Random: Na6.55 = 8.75 x 

( 7  p o i n t s )  

1 SIGMA: ~ 1 . 0 4 %  1 SIGMA: - +1.15% 

Set  3 .  Sine: Na7sg4 = 5.03 x 1041 (35 p o i n t s )  Random: Na7.66 = 7.8 x 1037 

( 5  p o i n t s )  

1 SIGMA: - +1.50% 1 SIGMA: - +3.55% 

COMMENTS : 

( 1 )  The specimens i n  Set  1 were o f  the  o r i g i n a l  c o n f i g u r a t i o n  w i t h  no s i d e  notches 

I and t h e  r e g i o n  o f  h i g h  s t r e s s  i n  the r o o t  r e g i o n  was n o t  greased. I t  was - 
at tempted t o  r u n  the  t e s t  w i t h  groups of specimens a t  t h e  same s t r e s s  l e v e l .  

P o s t - t e s t  c a l i b r a t i o n  checks were n o t  made a t  t h i s  e a r l y  s tage and t h e r e f o r e  

t h e  s c a t t e r  i s  h i g h  on t h e  s i n e  t e s t i n g .  By t h e  t i m e  t h e  random t e s t s  were . 

conducted, i t  was decided n o t  t o  a t tempt  t o  run  b l o c k s  o f  specimens a t  t h e  

same s t resses .  The s c a t t e r  on t h i s  t e s t  was b e t t e r  than f o r  t h e  s i n e  t e s t  

b u t  the  b e s t  f e a t u r e  o f  t h i s  t e s t  was t h a t  an a t tempt  was made t o  run  spec i -  

mens a t  very  h i g h  t o  very low s t resses .  Time t o  f a i l u r e  v a r i e d  over  a range 

o f  1300 t o  1 so  t h a t  t h e  s lope was def ined w i t h  a good degree o f  accuracy.  

1 
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(2 )  The beams tes ted  i n  the s ine  p o r t i o n  o f  Set; 2 came from two separate 

sets  o f  beams machined from d i f f e r e n t  stock: a t  d i f f e r e n t  t imes. The 

equations f o r  each s e t  i s :  

5*8Ei = 1-89 x 10 32 = 9.5 x and NU 

A1 though the slopes vary on these two se ts ,  t he  reg ion  o f  d e f i n i t i o n  

i s  smal l  enough t h a t  t he  l i n e  f o r  each curve l i e s  w i t h i n  the s c a t t e r  

band o f  the  o t h e r  curve. Several beams i n  the  random p o r t i o n  were 

e l im ina ted  because o f  poor t e s t  procedure. The p o s i t i o n  o f  the  s ine  
* 

and random curves i n  t h i s  t e s t  are h igher  than f o r  t he  curves f o r  

beams i n  Set 1. Th is  i s  because an approximate K t  was used ins tead  o f  

the ac tua l  K f .  

f e l t  t h a t  i f  t h a t  K t  was used cons is tan t l y  throughout a l l  the ca l cu la -  

Although an e r r o r  i s  induced by n o t  us ing K f ,  i t  was 

t i o n s  no problems would r e s u l t .  

beams from Set 2. 

The s ine  (dwell t e s t  was conducted us ing 

(3) '  The new a m p l i f i e r  was used f o r  Set 3 .  I n  the random p o r t i o n  o f  t h i s  

s e t  th ree  beams were excluded because o f  improper t e s t i n g  procedure. 

(49 The measurement o f  t h e  separat ion o f  the  s i n e  and random SN curve a t  

N = 106 cyc les was performed and shown here. 

t e s t s  l a s t e d  about l o 6  cyc les.  

Most o f  the  c o r r e l a t i o n  

The formula f o r  the  random curve (us ing  

e C-D) should be: 
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where d i s  t h e  (C-D) damage exponent and t h e  s l o p e  o f  random curve. The 

r a t i o  o f  t h e  s t resses  are: 

Using the  s lope o f  the  random curve f o r  d; G/& be ing  t h e  r a t i o  o f  

t h e  s i n e  s t r e s s  t o  t h e  random s t r e s s  a t  10 cyc les;  and 6s t h e  s i n e  

s t r e s s  a t  l o 6  cyc les ,  i t  was found t h a t  very  poor  c o r r e l a t i o n  e x i s t e d .  

6 

Next  i t  i s  assumed t h a t  the  random and s i n e  curves w i l l  be p a r a l l e l  us ing  

y’ (P-M). The equat ion  then becomes: 

L 

where b i s  t h e  s lope o f  t h e  s i n e  o r  random curve. A t a b l e  i s  presented 

which has t h e  r a t i o s  o f  t h e  p r e d i c t e d  spacing t o  t h e  a c t u a l  spac ing f o r  

a l l  s e t s  o f  t h e  beams u s i n g  t h e  b f o r  t h e  random equat ion  and t h e  b f o r  

t h e  s i n e  equat ion.  

Random b Sine b 

S e t  1 1.043 1 .186 

Set  2 .808 ,842 

Set  3 ,955 .980 e TABLE 6-6 

The average o f  t h e  two s lopes i n  Set  3 produces a r a t i o  o f  .972. Th is  

average s l o p e  o f  7.8 was used i n  t h e  computer program. It i s  cons idered t h a t  

these r e s u l t s  a re  n e a r l y  c o n c l u s i v e  p r o o f  t h a t  f o r  t h e  m a t e r i a l  used i n  t h i s  

p r o j e c t ,  t h e  damage accumulat ion i s  l i n e a r .  The average o f  a l l  t h e  above r a t i o s  

i s  .969 w h i l e  any comparison based on (C-D) damage accumulat ion i s  so u n r e a l i s t i c  

t h a t  i t  i s  n o t  presented. 

The computat ions used i n  g e t t i n g  t h e  va lue  o f  t h e  (C-D)d term based on t h e  

f o l l o w i n g  d e r i v a t i o n :  
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Beam 

1 

2 

3 

4 

5 

6 

7 

where cl and 

S-N s ine fat igue curve and exponent d i s  t o  be determined. 

equation can be expre.;r,ed as: 

c2 are the stresses i n  a two l e v e l  repeat ing t e s t .  N1 l i e s  on the 

This form o f  the 

which i s  the form used t o  g e t  the value o f  d. 

computations are presented. ,The beams are from s e t  3. 

The data and r e s u l t s  used i n  the 

vi5 
.66 

.615 

.615 

.615 

.615 

.615 

.615 

fn ( C P S )  A1 (9) 

31 3.5 600 

314.0 647 

312.3 650 

312.2 . * - .  657 

309.0 650 

307.5 650 

310.5 650 

3 . 6 8 ~ 1  O4 3.2 ,518 7.76 .3450 2.56 

3 . 9 7 ~ 1 0 ~  1.8 .864 10.54 ,0864 5.04 

4 . 0 3 ~ 1  O4 

4 .07~1  O4 

4 . 1 1 ~ 1 0 ~  
4 4.16~10 

.5 1.203 20.6 . 01 44 8.72 

.4 .515 6.78 .1305 4.19 

.25 .529 7.83 .0918 4.91 

.16 .675 9.10 .0533 6.04 

4,41 - 1.4 .513 7.53 .1179 4 4.07~10 

TABLE 6-7 AVG: 5.13 

The variance f o r  t h i s  t e s t  was determined and i t  was found t o  be - +1.76. 

extreme samples, numbers 1 and 3 were excluded as being too  f a r  out  o f  l i n e .  

new d i s  then 4.92 and the variance i s  5.64. 

Two 

The 

This number was used i n  the analysis.  

A c a l c u l a t i o n  o f  d was made f o r  each s e t  o f  beams and are presented. It was 

f e l t  t h a t  more a t t e n t i o n  t o  d e t a i l  was spent on the  experiment mentioned above than 

f o r  the two previous tests .  

was - +1.85. 

For the second s e t  o f  beams d = 5.68 b u t  the variance 

For t he  f i r s t  se t  o f  beams d = 6.87 wi th  a variance o f  - +1.34. By 
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excluding o u t l y i n g  f a i l u r e  po ints  the value o f  d f o r  the second s e t  became 5.71 with 

a variance of 51.24 and f o r  the f i r s t  s e t  d became 5.98 w i t h  a variance o f  - +.59. 

The value o f  %which Corten and Dolan found (as an average t o  be .85 for t h e i r  

experiments were i n  these tests :  

Set 1: % = .618 

Set 2: d/6 = .896 

Set 3: d/6 = .632 

The b value used was t h a t  f o r  the s ine S-N slope fo r  t h a t  p a r t i c u l a r  s e t  o f  

0 beams. 
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A P P E N D I X  H 

INSTRUMENTATION BLOCK DIAGRAMS 

F i g u r e  H-1 i s  a f u n c t i o n a l  b l o c k  diagram o f  t h e  i n s t r u m e n t a t i o n  
setup u t i l i z e d  f o r  s i n u s o i d a l  t e s t i n g .  

F i g u r e  H-2 i s  a f u n c t i o n a l  b l o c k  diagram o f  t h e  i n s t r u m e n t a t i o n  
setup u t i l i z e d  f o r  t h e  random v i b r a t i o n  t e s t i n g .  
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APPENDIX 3 

EXARPLE TEST DETERMINATION 

An example i s  presented i n  t h i s  sec t i on  t o  show how an equ iva len t  v i b r a t i o n  

t e s t  would be generated. 

as t h a t  supp l ied  by the con t rac to r  o f  t h i s  p r o j e c t .  It cons is ts  o f  two random 

v i b r a t i o n  po r t i ons  (F igure  J-1) and one s inuso ida l  sweep p o r t i o n  (F igure  3-2).  

The f i e l d  v i b r a t i o n  f o r  t h i s  example w i l l  be the  same 

0 
The specimen resonances and Q's The specimen i s  considered t o  have a b o f  7.8. 

are:  

1. fn = 200 CPS Q = 10 

2. fn = 400 cps Q = 30 

3. fn = 1200 CPS Q = 12 

4 .  f n  = 1700 CPS Q = 10 

It i s  des i red  t o  have the f i n a l  equ iva len t  tes,& a , s i n e  sweep t e s t  from 20 cps 

t o  2000 cps l a s t i n g  f o r  one hour. 

Th is  data i s  pu t  i n t o  the data deck by f i l l i n g  cards 1 t h r u  7A as shown i n  

The p l o t t e d  r e s u l t s  o f  the computer ou tpu t  i s  shown i n  F igure  3-3. Appendix C. 

It can be seen t h a t  from about 225 cps t o  1500 c:ps the  random v i b r a t i o n  component 

o f  the f i e l d  v i b r a t i o n  i s  predominant and s c a l i n g  t o  s ine  v i b r a t i o n  i s  dependent 

upon the  Q of the specimen. 

component i s  s ine  sweep v i b r a t i o n  and no dependence upon Q i s  shown, s ince  the 

sca l i ng  i s  done f o r  s i m i l a r  types of v i b r a t i o n .  

p roper ly  i n  the Q curves as shown i n  F igure  3-4.  

o u t  the development o f  the program t h a t  damage occurs on ly  i n  the  resonant reg ion,  

Above and below t h i s  frequency range, the dominant 0 

The resonant p o i n t s  a re  p l o t t e d  

Since i t  has been assumed t h r u  



i t  now becomes p o s s i b l e  t o  l i n k  up these f o u r  p o i n t s  w i t h  any l i n e .  The d o t t e d  

l i n e  shown was chosen because i t  r e s u l t s  i n  a more e a s i l y  conducted t e s t  than 

some cons tan t  y v a r y i n g  l e v e l  as would be p o s s i b l e  w i t h  a s i n e  sweep curve 

f o l l o w e r .  

and one g t o o  low a t  1200 cps. 

near  t h e  l i m i t  o f  most t a b l e  servo systems, i t  i s  considered t o  be a reasonable 

t e s t .  

l o n g , l e v e l  s c a l i n g  can be performed w i t h o u t  re runn ing  t h e  program. 

Th s t e s t  i s  a compromise because i t  i s  one g t o o  h i g h  a t  400 cps 

Since t h i s  i s  o n l y  about a 5% e r r o r ,  which i s  

I f  a t  t h i s  p o i n t  i t  i s  seen t h a t  t h e  l e v e l  i s  t o o  h i g h ,  o r  t h e  t ime t o o  
0 
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